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The anomalously large absorption of mesotrons in air has been confirmed by a comparison 
of the vertical intensity of mesotrons at two different altitudes (500 m and 3460 m). At 3460 m 
the vertical intensity has also been compared with the intensity under a zenith angle of 45°. 
If the results obtained are interpreted according to the hypothesis of the instability of the 
mesotron, they are found to be consistent with the assumption of a proper lifetime of 4 or 5 


microseconds for the mesotron. 





COMPARATIVE study of the absorption 

of cosmic radiation in air and other media 
by several experimenters has revealed the striking 
fact that the hard component of cosmic radiation 
undergoes an anomalously large absorption in 
air.‘ 

Apart from small secondary effects, like the 
barometer effect, most determinations of the 
absorption coefficient in air and most compari- 
sons of air with other media are based on the 
variation of the intensity with zenith angle. 
Their validity depends on the hypothesis of an 
isotropic distribution of the primary rays which 
produce the effects observed at sea level. Small 
deviations from isotropy due to geomagnetic 
effects are to be expected even at latitudes as 
high as 50°. The effect of penumbra at these 
latitudes has not yet been investigated.® 

For these and other reasons it seemed of 
interest to determine the absorption in air in a 
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‘For a general survey of these experiments see B. Rossi, 
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manner independent of that hypothesis, that is, 
by comparing the intensity of the hard compo- 
nent from one given direction at two different 
altitudes. An experiment of this kind was planned 
by two of us (M. A and B. F.) and some prelimi- 
nary results were obtained on the Gran Sasso in 
May, 1939. Then it was decided to take up the 
work again under more favorable conditions near 
Cervinia; This was done in August and Sep- 
tember, 1939. A preliminary report has been 
published.*® 

Meanwhile an experiment very similar to ours 
has been reported by Rossi, Hilberry and Hoag.’ 
Since our arrangement differs from theirs in some 
important respects and since also our results are 
somewhat different from a quantitative point of 
view, we intend to give here a short description 
of our apparatus and results. A possible origin of 
the difference between our result and theirs is also 
suggested. 

In our experiment the vertical intensity of the 
hard component has been measured at two 
different altitudes: Chatillon (500 m; 700 mm 


® Ricerca Scient. 10, 1073 (1939). 
7 B. Rossi, H. Van Norman Hilberry and J. Barton Hoag, 
Phys. Rev. 56, 837 (1939). 
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Fic. 1. Arrangement of counters. A, normal position; B and C, displaced for determining 
the effect of showers. 


Hg) and Pian Rosa (3460 m; 495 mm Hg) by 
means of a counter telescope with a lead screen 
10 cm thick permanently interposed between the 
counters. At Pian Rosa we interposed a further 
lead screen 39 cm thick, which was regarded as 
equivalent to the air layer between the two 
altitudes (see next section). We found a lower 
intensity at Chatillon; this indicates that lead 
absorbs less than air, in accordance with previous 
results. 

At Pian Rosa the measurements of vertical 
intensity were alternated with measurements at a 
zenith angle of 45° without the additional lead 
screen of 39 cm thickness. Since cos 45° is about 
equal to the ratio of the pressures at 3460 m and 
at 500 m, we may compare the intensity at 45° 
with the vertical intensity either at Chatillon or 
at Pian Rosa (in the last case with the additional 
lead screen). Thus our measurements also include a 
new comparison of air and lead by the older method. 


1. THE ANOMALOUS ABSORPTION 


The great interest of the absorption anomaly in 
air is connected with the fact that it is a density 
effect. Until very recently it was regarded as 
evident that all true absorption processes are 
density independent. Hence the absorption 
anomaly was interpreted as a decisive proof of 





the hypothesis of the disintegration of the 
mesotron.® In a paper which has just come to our 
notice Fermi throws considerable doubt on this 
conclusion.® We shall refer to it again in the last 
section. 

In comparing different media, each of the 
following criteria has been used in the past: 
(a) the mass absorption law ; (b) the Z-absorption 
law ; (c) the Bethe-Bloch-Bhabha stopping power 
formula.’ If air is compared with a medium of 
nearly equal atomic number, then all three 
criteria are equivalent. Any deviation from them 
has to be regarded as a density effect. 

_In comparing media of widely different atomic 
number, as in our case, the mass absorption law 
(a) is of little theoretical significance. Criterion 
(b) has to be regarded as merely a rough approxi- 
mation to criterion (c). If the mesotrons were 
absorbed by ionization only, according to (c), 
then in comparing air with lead by the mass 
absorption law one should find that air is more 
absorbing than lead. If, on the other hand, an 
effect of this kind be found in a comparison based 
on criterion (c), then it could not be due to 


8 H. Euler and W. Heisenberg, Ergeb. d. exakt. Natur- 
wiss. 17, 1 (1938). 

* E. Fermi, Phys. Rev. 56, 1242 (1939). We are thankful 
to Professor Fermi for an advance copy of his full paper 

1° See H. J. Bhabha, Proc. Roy. Soc. A164, 257 (1938). 
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anything but a true density effect, since it is very 
likely that any additional absorption process 
(like nuclear collisions or radiation) would give 
an effect in the opposite direction. Hence the 
third criterion is not only the most theoretically 
significant, but is also the most suitable one for 
our purpose. 

The thickness of the lead absorber equivalent 
to the atmospheric layer between 495 and 700 
mm Hg has been accordingly evaluated by means 
of the theoretical formula for ionization losses. 


_On the Z-absorption law it would be about 32 cm 


of lead, which becomes 39 cm with the more 
correct formula. It may be remarked that an 
error of 1 or 2 cm in the evaluated thickness 
would probably affect the measured intensity by 
1 or 2 percent which is much less than the effects 
observed. 


2. APPARATUS 


The telescopic counte? system (Fig. 1A) con- 
sisted of three trays of three counters each, 
filled with a 91 percent-argon: 9 percent-alcohol 
mixture, at a pressure of 11 cm Hg. The cathodes 
of the counters were brass tubes 1.5 mm thick, 
enclosed in a glass tube 1 mm thick. The useful 
length of the counters was 27 cm, the diameter 
3 cm. 

The counters in each tray were connected in 
parallel; by means of a Neher circuit (resolving 
power about 10~‘ sec.) the triple coincidences 
and the double coincidences from the upper and 
lower trays were recorded at the same time. The 
directional intensity of radiation was supposed to 
be proportional to the number of triple coinci- 
dences, while the slight excess of the double on 
the triple coincidences was mostly due to chance 
coincidence. The approximate constancy of this 
excess was used as a check on the constancy of the 
apparatus. As a further check the number of 
single pulses from each counter was determined 
after every hour of counting. 


TABLE I, Summary of results. 








TRIPLE 
CoIncIDENCES/HOUR 
Pres- Zen- Lzap Ssowers SHowers 
SURE ITH ABSORBER| #iRsT Szconp | First Szconp 
um He ANGLE cM RUN RUN RUN RUN 





Pian Rosh 495 0° 10-+39 |280.744.27 297.6-44.10/26.442.2 34.642.6 
Pian Rom 495 45° 10 
Chatillon 700 0° 10 


213.744.31 230.4+3.31/19.84+2.7 26.8+2.3 
250.6+2.87 253.143.51) 9.541.1 11.6+1.1 
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It was found necessary, however, to bring two 
corrections to the intensity of the hard com- 
ponent as given by the triple coincidences. The 
first was due to the effect of air showers, which 
was, of course, larger at the greater altitude, 
where it amounted to about 10 percent. The 
second correction was due to a slight decrease in 
the efficiency of the counter system, when the 
number of single pulses in a counter was in- 
creased. The effect of showers was determined in 
the usual way: the upper counter tray was 
displaced laterally until it was out of line as in 
Fig. 1B, C. The change of efficiency was de- 
termined by artificially increasing the number of 
single pulses in the counters with a radioactive 
source. The correction amounted only to 3 
percent. (This is the change of efficiency for triple 
coincidences from 500 m to 3460 m altitude.) 


3. THE MEASUREMENTS 


The intensities of the hard component at 
Chatillon and Pian Rosa have been compared in 
two alternative runs. In the first run the intensity 
was measured first at Chatillon, then at Pian 
Rosa; in the second run it was measured first at 
Chatillon, then at Pian Rosa, and again at 
Chatillon. At Chatillon the measurements were 
made under a thin roof, about 7 g/cm? thick. At 
Pian Rosa the apparatus was placed in a hut with 
thin wooden walls; the roof was lined with sheet- 
iron and had a thickness of about 3 g/cm*. Alter- 
nating current was available in the hut, and the 
temperature was controlled by means of a stove. 

Our results are summarized in Table I; root 
mean square errors are given. We discuss the 
results from the two runs separately. First we 
deduct the showers from the triple coincidences. 
Then we have to remember that the data at 
Pian Rosa have to be raised by 3 percent with 
respect to those at Chatillon, because of the 


TaBLeE II. Comparison of experimental results with those 
expected for various values of mesotrons proper lifetime, ro. 








EXPECTED WITH ro = 
2 3 4 5X10-* sec FounpD 





Jo(500) 


To(3500) 0.78 O85 0.88 0.90 | 0.91 +0.015 


Ju(3500) | 9.65 0.72, 0.77 0.805 


th tt 0.769 +0. 
To(3500) 769 +0.016 
























948 AGENO, BERNARDINI, CACCIAPUOTI, FERRETTI AND WICK 


change in the efficiency of the counter system. 
Indicating by J;() the directional intensity at 
altitude h under a zenith angle of ¢ degrees, we 
find after the above corrections: 

Jo(3500) — Jo(500) 


Jo(500) 





8.5 percent in the first run 


11.9 percent in the second run. 


Similarly the comparison between the vertical 
intensity and the intensity under 45° both at 
Pian Rosa (no correction for the change of 
efficiency is necessary this time) gives: 


J (3500) — J45(3500) 
Jo(3500) 
(23.7+2.4) percent in the first run 





(22.6+2.1) percent in the second run. 


Both these results show that lead absorbs less 
than air in accordance with previous results. The 
consistency of our results in the two different 
runs can be judged from the above table. As a 
matter of fact the measurements in the second 
run seem to be systematically somewhat higher 
than in the first run. The difference between the 
vertical coincidences at Pian Rosa in the two 
runs, for instance, amounts to about 6 percent 
which is larger than can be imputed to statistical 
errors. Such small inconsistencies were not 
unexpected, since some of the counters had to be 
replaced between the first and the second run. 
The difficulties involved in such work, when 
measurements have to be made at different 
places and times are, of course, well known and 
were fully realized from the beginning. On the 
other hand the greatest precautions were taken 
to insure the constancy of the apparatus during 
each run, and the effects found in the two 
different runs are, in fact, fairly consistent with 
each other. We think therefore that the difference 
observed between Chatillon and Pian Rosa is 
real and affords a new proof of the absorption 
anomaly in air, a proof which is independent of 
the hypothesis that the angular distribution of 
the primary rays at the top of the atmosphere is 
isotropic. 

The comparison between 0° and 45° zenith 
angle, both at Pian Rosa, is of course much 
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Fic. 2. Determination of proper lifetime of mesotron, 
The curve gives the expected ratio between inclined and 
vertical intensity at 3460 m, as a function of the proper 
lifetime ro (in microseconds) of the mesotron, when 
u/m=160 and the energy loss is J =2 X10* ev cm?/g. The 
horizontal strip represents the experimental value; the 
breadth of the strip is twice the statistical error. 


simpler, since the effect is larger and the two 
measurements could be frequently alternated, 
The difference observed confirms the results 
previously obtained by the same method. 


4. Discussion 


We shall first discuss our results on the usual 
hypotheses : 

(a) The mesotrons are formed at a height 
corresponding to about 0.1 NP. Direct evidence 
in favor of this assumption is afforded by recent 
results of Schein, Jesse and Wollan"™ and of 
Dymond.” The energy spectrum at the top of the 
atmosphere is assumed to follow a power law: 
W-**dW. 

(b) The mesotrons lose energy at a constant 
rate J per g/cm? of matter traversed, corre- 
sponding to a loss of 210° ev in the whole 
atmosphere; moreover they disintegrate with a 
proper lifetime 7o. 

(c) The rest mass of the mesotron is n.=160 
electronic masses. 

Actually it can be easily seen that when our or 
similar experiments are discussed on the above 
hypotheses, the quantity which is measured 
directly is the ratio: 


u/Jro, 


so that corrections for any change in the hy- 
potheses on J or uw are easily made. We have 
evaluated the effects to be expected with several 
values of ro and found the results given in 
Table II. 


1M. Schein, W. P. Jesse and E. O. Wollan, Phys. Rev. 
57, 68 (1940). 
2 E, G. Dymond, Nature 144, 782 (1939). 
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Our first result is consistent with a proper 
lifetime of about 5 usec. We need not stress the 
fact that the precision of this value is low. The 
statistical error is indicated; an estimate of the 
true error could only be attempted after a 
greater number of alternative runs. The impor- 
tance of this determination, however, lies in the 
fact that it is independent of the isotropy 
hypothesis. 

The second determination of 7o is of course 
much more reliable quantitatively, provided the 
hypotheses for its validity are granted. The value 
of about 4 usec. which can be deduced from it 
(see also Fig. 2) is in accord with the results of 
other authors. Especially an experiment of 
M. A. Pomerantz which has just become known 
to us'* may be compared with our second 
determination. Pomerantz finds r>=3 or 4 usec. if 
he makes the same assumptions about ionization 
loss and mesotron mass as we have made. The 
agreement is very satisfactory. He also makes a 
direct comparison between the absorption in lead 
and water which justifies our evaluation of the 
lead thickness equivalent to the air layer. 

Let us now compare our results with that of 
Rossi et al.? They find a lifetime of 2 microsec. 
which is considerably less than the values found 
by us. This can be seen even more directly from 
the fact that they find an intensity ratio 11.0/9.7 
= 1.13 due to disintegration on a path of 1.06 km, 
while we find in the comparison between Chatillon 
and Pian Rosa nearly the same ratio (1.10) due to 
disintegration on a 3-km path. The discrepancy is 
not quite so large as it seems at first sight since 
we have verified by computation that the differ- 
ence effect due to disintegration does not quite 
increase proportionally to the path difference and 
since the above data of Rossi ef al. refer to a 
greater height and therefore to mesotrons which 
should have a somewhat smaller energy than in 
our experiment. 

The most trivial source of the discrepancy may 
be sought for in the fact that both experiments 
are liable to systematic errors, since the measure- 
ments to be compared were made at different 
places and could not therefore be frequently 
interchanged. Since moreover the effects are 
small such a source of discrepancies cannot be 
entirely excluded. If the lifetime were 2 micro- 


% M. A, Pomerantz, Phys. Rev. 57, 3 (1940). 


seconds, however, we should expect a ratio 1.28 
in our- comparison between vertical intensities, 
instead of 1.10. It seems very unlikely that the 
error is so great. 

Another explanation may be sought for in the 
difference in the absorbers used, or in the 
different arrangement of the absorbers. As already 
mentioned, our evaluation of the lead thickness 
equivalent to a layer of some light element, like 
the carbon used by Rossi e al. is directly 
confirmed by the experiments of Pomerantz. In 
our apparatus the lead absorber was put between 
the counters and could hence give rise to an 
additional absorption due to scattering. This 
would tend to mask the effect of disintegration, 
and thus give an error in the lifetime in the 
direction sought for. The scattering of mesotrons, 
however, has been measured by Blackett and 
Wilson, and by Wilson" and found in agreement, 
roughly, with pure Coulomb scattering as 
evaluated by E. J. Williams. The correction for 
scattering due to small angle scattering is a 
differential correction, since particles can be 
scattered out of, as well as into, the effective 
solid angle of the apparatus. The effect should not 
amount to more than a few percent. Scattering 
through large angles seems to be a rare phe- 
nomenon; it has been observed in one case over 
a total thickness of lead traversed of 50 m. It 
does not seem, therefore, that scattering in the 
lead absorber can account for the high value of 
the lifetime of the mesotron found by us. 

In our apparatus a correction for air-showers 
had to be made (this was avoided by Rossi ef al.). 
This correction is somewhat arbitrary, since it is 
not certain that the number of showers observed 
with one of the trays displaced as in Fig. 1B, C is 
the same as when the trays are in line. We have 
found approximately the same shower frequency 
with 0° and 45° zenith angle; this may afford 
some justification for the assumption that the 
frequency does not depend critically on the 
position of the upper tray. Neglecting the shower 
correction we would find a ratio 1.15 between 
Chatillon and Pian Rosa, or 1.18 taking into 
account the correction for change of efficiency. 
The air showers increase with altitude faster 


4 P, M.S. Blackett and J. G. Wilson, Proc. Roy. Soc. 


A165, 209 (1938). J. G. Wilson, Proc. Roy. Soc. Al74, 73 
(1940). 








































than the hard component; it is difficult to see 
how the shower correction might help to raise 
the ratio from 1.18 to 1.28 as would be expected 
assuming a lifetime of 2 usec. The presence of lead 
between the counters as in Fig. 1 at the greater 
altitude does not alter this conclusion materially. 

We shall now briefly consider our results in 
connection with the density effect of ionization 
losses recently discovered by Fermi.® This effect 
becomes important only at high energies. A 
mesotron having a residual range of 280 g/cm? of 
air (the path between Pian Rosa and Chatillon) 
has an energy of 5 or 6X 108 ev. At these energies 
Fermi’s effect is small and cannot account for the 
effects we have observed. Fermi himself states in 
his paper that the experiments with compara- 
tively thin absorbers cannot be explained by the 
density effect alone. It seems therefore that the 
instability hypothesis is still necessary to explain 
these effects. A striking confirmation of this 
hypothesis is afforded by a photograph recently 
published by E. J. Williams. 

On the other hand it has been shown by Fermi 
that the existence of a density effect on ionization 


16 E, J. Williams and G. E. Roberts, Nature 145, 102 
(1940). 
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means that the value of the lifetime which Euler 
and Heisenberg have derived from the experi- 
ments of Ehmert (with large absorbing thick. 
nesses) must be increased by about a factor 2. Jt 
is indeed remarkable that both our measurements 
and those of Pomerantz, which were made also 
with comparatively small absorbing thicknesses, 
indicate a rather large value of the proper 
lifetime of the mesotron. In another paper we 
shall describe evidence which we have collected 
on this problem by a different method, that is, by 
a detailed study of the soft component which 
accompanies the mesotrons near sea level. Here 
also we have not found indication of the presence 
of “disintegration electrons’ in the number that 
would be expected if the lifetime of the mesotron 
were as low as 2 microseconds. This also is in 
partial agreement with experiments made on 
somewhat similar lines by Pomerantz,'* who 
finds a value of 6 usec. from the intensity of the 
“disintegration electrons.” 

In conclusion we wish to acknowledge our 
indebtedness to the ‘‘Comitato per la geofisica 
e meteorologia del Consiglio Nazionale delle 
Ricerche” for financial assistance. 
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Considerations of the regularities in the distribution of 
isotopes lead to the following conclusions. (1) Rn, AcA, 
ThA, and RaA should all be somewhat beta-active but 
the branching ratios would be too small for detection 
of the activity except for Rn and RaA. (2) »sEkaRe*® 
should be beta-active with a roughly estimated half-life of 
about 1 month, »9:3EkaRe*’ should be an alpha-emitting 
nucleus, and 9:U?57 should be beta-active. (3) The heaviest 
beta-stable isotopes of transuranic elements should be as 
follows: 9s3EkaRe”’, 9,EkaOs™, 9,EkaIr™*, osEkaPt™. It is 
shown that isotopes of transuranic elements should undergo 
fission upon exposure to slow neutrons, which may account 
for their absence in nature. Their presumable greater 


N a letter to the editor! it has been pointed out 
that the absence in nature of atoms of atomic 


1L. A. Turner, Phys. Rev. 57,9157 (1940). 





probability for spontaneous fission might also account for 
their absence. The relative abundance of U** and U™* is 
in fair agreement with the hypothesis that the amount of 
U** was determined by a balance between production 
from U** and loss by fission. The probable chain of dis- 
integrations of 4n+1 nuclei is discussed. The estimated 
half-lives of all are too short for them to have survived. 
Their absence is to be attributed to the absence of a 
possible long-lived transuranic ancestor. Either the hypo- 
thetical irradiation by neutrons or spontaneous fission of 
a transuranic ancestor will account for the low abundance 
of Bi, 


number greater than 92 can be accounted for on 
the basis of a hypothetical exposure of all matter 
to irradiation by neutrons in some early phase of 
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the history of the universe. The absence of all 
radioactive atoms of mass 4n+1 and of U™* 
would also be expected on this hypothesis. The 
purpose of this paper is to amplify these con- 
siderations and discuss other related conclusions 
concerning the radioactive properties of some of 
the heavy nuclei. 

The explanation of nuclear fission first sug- 
gested by Meitner and Frisch* and later de- 
veloped by Bohr and Wheeler*® does not make it 
clear why the upper limit of the atomic number 
of elements occurring in nature should be 92. 
Although these heaviest nuclei approach the 
limit of stability for spherical nuclei at about 
Z=100, they still require about 5 Mev of 
additional energy for fission to occur without the 
necessity of penetration of a potential barrier by 
the heavy fragments. Atoms having Z’s of 93, 94, 
95, etc. would require less energy of excitation 
for instability, but this energy would neverthe- 
less be considerable, so that there is no obvious 
reason why they should be entirely unstable. 
Uranium is, however, the only element occurring 
naturally which has an isotope which will undergo 
fission when it captures thermal neutrons. The 
theory of Bohr and Wheeler leads one to expect 
that even more of the isotopes of the transuranic 
elements would do this, so it is possible that this 
process may be responsible for their absence. 
In what follows it will be shown that all expect- 
able atoms for Z >92 would undergo fission with 
reasonably slow neutrons (<0.5 Mev) if not with 
thermal ones. 

Before entering upon the special discussion a 
few general points should be recalled. As is now 
well known the natural radioactive substances 
which emit beta-particles differ in no special 
way from the artificially produced beta-active 
substances except in the manner of their forma- 
tion. The necessary conditions for occurrence or 
nonoccurrence of beta-activity are apparently 
the same throughout the periodic table. The 
emission of alpha-particles is the property of the 
naturally radioactive atoms which distinguishes 
them from the ordinary ones. This emission is 
possible because of a somewhat faster increase 

of mass with atomic number among the heavier 
*L. Meitner and R. Frisch, Nature 143, 239 (1939). 


*N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 and 
1065 (1939). 
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atoms so that the removal of an alpha-particle 
is exothermic, rather than endothermic as for 
the lighter nuclei. It is apparently not an ex- 
pression of any special new property of the 
nucleus considered by itself. The alpha-emitting 
nuclei are, therefore, the analogs of the stable 
lighter atoms as has been emphasized by Gamow 
and others. In what follows, such nuclei will 
sometimes be referred to as the beta-stable ones 
when the emphasis is being put upon this simi- 
larity to the stable lighter atoms. Since the 
conditions for emission of alpha-particles and of 
beta-particles are independent of each other it is 
not surprising that they are often both satisfied 
for the same nucleus and lead to branching, as 
with the C products. The necessary condition 
for the observation of such branching is that 
the two probabilities for disintegration be of 
nearly the same order of magnitude so that an 
appreciable fraction of the nuclei will disintegrate 
in the less probable way. It is probable that 
others of the beta-active atoms are also slightly 
alpha-active as actinium has been found to be* 
but that the alpha-activity is of even less relative 
importance because of the greater probability of 
beta-disintegration of most of them. The same 
consideration applies the other way around to 
the short-lived alpha-active nuclei. Some of them 
may have small probabilities for ejection of 
beta-particles which by themselves would give 
much greater half-lives, so that only a negligible 
fraction of the atoms do emit beta-particles. 
Several possible instances are discussed below. 
The important general point is that the existence 
of an alpha-activity of short half-life without 
observed beta-activity gives no assurance that 
the nucleus in question is beta-stable. The 
erroneous contrary assumption has sometimes 
been made in discussing the nuclei. 

Further, it should be noticed that in all cases 
when a nucleus emits beta-particles the nucleus 
of the same Z of mass number greater by 2 units 
is also beta-active, and usually with a shorter 
half-life. The half-lives for emission of alpha- 
particles go the other way. The probability of 
ejection of an alpha-particle is less for the 
heavier of two nuclei of the same Z differing by 
2 mass units with the exception of the three such 


*M. Perey, J. de phys. et rad. 10, 435 (1939). 
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pairs which involve the lowest mass numbers of 
the heavy radioactive elements. These pairs 
are g4Po? and 34Po7*(ThC’), s3Bi7(RaE) and 
ssBi?*(ThC), ssBi® and g3Bi*"(AcC). 


BETA-STABLE NUCLEI OF EVEN ELEMENTS 


As a preliminary to the discussion of fission of 
the transuranic atoms it is desirable to see which 
mass-numbers of such nuclei would be expected 
to be beta-stable. The only basis for such con- 
siderations is the assumption that the general 
shape of the nuclear energy surface in the trans- 
uranic region can be obtained by extrapolation 
from that for the known nuclei. This means that 
the relations between the masses of the beta- 
stable atoms of Z<92 can be extended into the 
region for Z>92. 

From the table of stable isotopes given by 
Livingood and Seaborg' have been taken the 
masses of the heaviest isotope for the even 
elements. These have been plotted in Fig. 1, with 
the addition of the masses of the heaviest beta- 
stable isotopes of Ra, Th and U. The quantity, 
y=A+50—3Z, has been plotted as ordinate. 
This quantity has no particular theoretical sig- 
nificance but is convenient because of the 
empirical fact that the mass of the heaviest 
isotope increases by nearly 3 units for an increase 
of unity in the atomic number, for the heavy 
atoms. From Fig. 1 it is apparent that the inter- 
polated values of 214 and 220 are extremely 
probable ones for the masses of the heaviest 
beta-stable isotopes of ss,Po and ssEm, respec- 
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Fic. 1. Heaviest isotopes of even elements. 


5 J. J. Livingood and G. T. Seaborg, Rev. Mod. Phys. 
12, 30 (1940). 
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tively. Similarly, the two extrapolated points for 
9s4EkaOs and g¢EkaPt give 244 and 250 as highly 
probable upper limits for those elements. The 
true points might, of course, be lower to corre. 
spond to 244 and 248 or 242 and 248. The points 
for these nuclei and for all of the other known 
nuclei at the end of the periodic table have been 
plotted on a larger scale, but in the same way, 
in Fig. 2. The points for those heaviest beta. 
stable even nuclei lie along the line for y= 12, 
If this is the upper limit for beta-stability 
it means that Rn(ssEm™), AcA(s«Po?!5), 
ThA(g4Po”"*) and RaA(s4Po*!*) must all be some. 
what beta-active. There are three known beta- 
active nuclei which lie along the line for y=14 
with Rn and ThA. These, with their half-lives, 
are RaD(g2Pb?"), ~25 yr; Msi(sgsRa**’), 5.7 yr; 
and UX,(99Th™), 24.5 days. If we assume a 
similar type of beta-disintegration (Sargent 
curve) we may estimate the beta half-lives of 
ThA and Rn by logarithmic interpolation to get 
13 yr. and 7 yr., respectively. These correspond to 
branching ratios of 10-* for Rn and 10~° for ThA. 
The immediate descendant from Rn by beta- 
disintegration would be s;EkaCs*. It lies on the 
y=11 line with beta-active s3Bi?"(RaE, 5 days), 
sgsAc8(Msoe, 6.13 hr.) and 9;:Pa**4(U Xe, 1.14 min.) 
and would thus be expected to be beta-active 
with a half-life of some hours. From curves given 
by Heisenberg* one can estimate the energy 
which would be released in alpha-disintegration 
of 3;EkaCs*? to be ~9.4X10-* erg. By the 
Geiger-Nuttall relation this leads to an estimated 
half-life of ~12 min. so that by far the greater 
number of nuclei would be expected to emit 
alpha-particles to become s;EkaI*"* (not shown on 
Fig. 2. This paragraph has been revised in proof. 
The less probable chain of descendants from 
s7EkaCs™ is indicated on Fig. 2, because the 
preponderance of its alpha-activity was originally 
overlooked.) s;Ekal*"* would be expected, by a 
similar argument, to be unstable with respect to 
emission of both beta- and alpha-particles, the 
latter predominating to give ss;RaC*" and with 
a half-life of ~0.1 sec. The suggested beta- 
disintegration of RaA would also lead to s;Ekal** 
RaA lies on the y= 16 line and is to be compared 
with s:Pb?2°(ThB) which is beta-active with a 


* W. Heisenberg, Solvay Congress, 1934, pp. 289 to 344, 
particularly Fig. 10 on p. 320. 
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Fic. 2. Isotopes of the elements of high atomic number. 


half-life of 10.6 hr. The probability of beta- 
disintegration of RaA presumably corresponds 
to a similar but somewhat shorter half-life, 
whereas the actual half-life determined by the 
alpha-activity is 3.05 minutes. This indicates a 
branching ratio somewhat greater than 5 X10-*. 
It is of interest in this connection that Hulubei 
and Cauchois®* have reported three x-ray lines 
of element 85 coming from the disintegration 
products of Rn. It is hard to see, however, how 
these lines could have been observed if the 
branching ratios of Rn and RaA are as small as 
here estimated. The detection of either the beta- 
particles or fast alpha-particles arising in such 
branching presents obvious difficulties because of 
their small number. The branching ratio for AcA, 
like that for ThA, would be negligibly small. 


BETA-STABLE NUCLEI OF Opp ELEMENTS 


The possible mass numbers of the beta-stable 
nuclei of the odd elements can be found by the 


* H. Hulubei and Y. Cauchois, Comptes rendus 209, 
39 (1939), 


following rule: The possible mass-numbers for 
the beta-stable isotopes of an odd element are 
A+1, A-—1, and A—3, A being the heaviest 
beta-stable isotope of the preceding element. 
There is no exception to the rule among the 
stable elements from ,O to x3Bi inclusive, or 
among the known beta-stable radioactive ele- 
ments. 

This rule gives 227, 225, 223 as possible mass 
numbers for sgAc. 227 is the mass number of 
ordinary beta-active Ac, 223 is ruled out be- 
cause of the existence of beta-stable AcX(gsRa**), 
assuming the improbability of occurrence of 
isobars of adjacent elements. 225, one of the 
4n+1 family, is left as the only probable beta- 
stable s9Ac. 

The rule gives 233, 231, and 229 for 9;Pa. The 
mass number of existing alpha-active Pa is 231. 
Pa*®® is improbable because of the probable beta- 
stability of 9:Th”*. This latter nucleus lies on 
the y=9 line between beta-stable AcX(ssRa™*) 
and AcU(9.U™*). It is another of the missing 
4n+1 nuclei. Pa™* is the product of the dis- 
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integration of 25-min. beta-active Th™*, which is 
produced by the capture of slow neutrons by 
Th*?, Meitner, Hahn and Strassmann’ found an 
active Pa having a half-life of 25 days, and 
attributed it to Pa**. Additional support for the 
correctness of this conclusion is obtained as 
follows. This nucleus lies on the y=10 line of 
Fig. 2. The other known odd nuclei on the y= 10 
line near to it are ggAc”” and 93EkaRe™® (see 
below). Ac”” is beta-active with a half-life of 
13.5 yr. The ratio of this half-life to 25 days is 
197. This agrees in order of magnitude with the 
ratios of two pairs of adjacent beta-active nuclei. 
These are : Ms2(Ac”*) and UX2(Pa™), y= 11 line, 
ratio 322; and Ms,(Ra™*) and UX;(Th™), y=14 
line, ratio=118. This sort of agreement of the 
ratios might be expected since the two groups 
of three beta-active nuclei occupy closely similar 
positrons with respect to the minimum of the 
energy surface. It is strange, however, that 
the agreement is so good since UX: and Ms; lie 
on different Sargent curves.’ This seems to 
indicate that one group of three lies on one 
Sargent curve, the others on the other one. 
The beta-active Pa™* must give U** which is 
undoubtedly an alpha-emitting nucleus. There 
seems to be no reliable way to estimate the 
half-life of U** and other alpha-emitting nuclei 
of the 4n+1 chain since the constants for their 
Geiger-Nuttall line are not known. In general, 
however, for two alpha-emitting nuclei of the 
same Z but differing in mass by 2 units the half- 
life of the heavier one is greater by a factor of 
about 10‘. Comparing U** with AcU(U™*)would 
thus give a half-life of the order of 10° years 
for U**, 

For 93EkaRe the rule gives mass numbers of 
239, 237 and 235. 235 can be excluded because 
of the existence of U**. EkaRe™® is analogous to 
Pa™* in being the nucleus formed by the beta- 
active U** which is produced in the capture of 
slow neutrons by U™®. It lies on the y= 10 line. 
From the near equality of the half-lives of U™® 
and Th™* we may infer that EkaRe™® is probably 
also beta-active and with a half-life of about one 
month. This estimate is not in disagreement with 
the results of the experiments which have been 


7 Meitner, Hahn and Strassmann, Zeits. f. Physik 109, 


538 (1938). 
8 J. S. Marshall, Proc. Roy. Soc. 173, 391 (1939). 
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made in the attempts to find an activity® of 
EkaRe**®. The  »4EkaOs**® which thus results 
from the disintegration of »93EkaRe*® is yp. 
doubtedly an alpha-active nucleus of long half. 
life. 237, another 4n+1 number, is left for 
beta-stable »3EkaRe. If EkaRe™ is beta-stable, 
then U*’ is presumably beta-active. This js 
plausible since it is the analog of beta-active 
UY(Th*!). U7 could probably be produced from 
U*8 by fast neutrons as Th*! was produced by 
Nishina e al., although the yield would be much 
smaller because of the greater probability for 
fission." 

For 9;EkalIr the rule gives 245, 243, and 241 as 
possible mass numbers, 243 lying on the y=8 line 
with Pa™! and EkaRe*”. 

Applying the rule with the interpolated values 
of 214 for ssPo and 220 for ssEm gives 215, 213, 
and 211 as masses for 5;EkaI and 221, 219, and 
217 for s;EkaCs. 221 and 215 lie on the y=10 
line. To the left of them on this line lie stable 
ssBi2”® and g;T1™, to the right are beta- and 
alpha-active sgAc””’ and beta-active 9:;Pa™*. One 
might guess that s;EkaCs™! and s;EkaI*> would 
be beta-stable, but with a predominant alpha- 
activity whether beta-stable or not. 

The rule gives 101, 99, and 97 for 4;Ma. All 
three of these nuclei of Ma would be isobaric 
with a known stable isotope of either 42.Mo or 
asRu so that there is presumably no stable 
isotope of Ma, as has been pointed out before. 
For «ill the rule gives 151, 149, 147. 62Sm"** and 
625m” are known so that 151 is the only likely 
mass number of II. 


THE FISSION OF TRANSURANIC NUCLEI 


Bohr and Wheeler* have shown that fission of 
a nucleus can occur when it attains a certain 
critical deformation. Only those nuclei which 











TABLE I. 
Z 90 | 91 | 92 | 93 | 94 | 95 | 96 
Acrit 226.0) 231.0} 236.1| 241.2] 246.3| 251.6] 256.9 
Ajeast 226 | 231 | 236 | 241 | 246 | 251 | 256 


E.. in(Mev) 0.2; O.2) 0.2) O.2) Ou! 0.1) 00 
232 | 231 | 238 | 237 | 244 | 243 | 250 





























°E. Segré, Phys. Rev. 55, 1104 (1939); J. W. Irvine, 
Phys. Rev. 55, 1105 (1939). 

10 Nishina, Yasaki, Ezoe, Kimura. and Ikawa, Nature 
144, 517 (1939). 


































have nearly the full energy necessary for such 
deformation will have a high probability of 
undergoing fission. The available energy is‘ the 
sum of the energy of binding and of the kinetic 
energy_of a captured neutron. It amounts to 
5.2 Mev for the capture of thermal neutrons by 
the heaviest alpha-active nuclei of Th and U 
and might be expected to be nearly the same for 
similar atoms of higher atomic number. (See 
Table III of Bohr and Wheeler.*) 

From Fig. 4 of Bohr and Wheeler’s paper 
it may be inferred that all nuclei for which 
Z?/A <35.87 will require less than this energy of 
5.2 Mev for the critical deformation and can, 
therefore, undergo fission with thermal neutrons. 
From Z?/Acrit=35.87 are computed the values 
of Acrit of Table I. In general, for any bombarded 
nucleus whose A is less than Agi,—1, fission 
will be produced by thermal neutrons and all 
faster ones. For A >A,,i,—1 fission will not be 
produced by thermal neutrons unless the nucleus 
is one containing an odd number of neutrons. 
For this latter sort of nucleus the energy of 
binding of an additional neutron is about 1.0 Mev 
higher, so that fission may occur. In accord with 
this there is given in the third row of Table I 
for each Z a value of A teast, the lowest value of A 
for a target nucleus with which fission could not 
be produced by thermal neutrons. In the fourth 
row is the corresponding value of En jin, the esti- 
mated minimum kinetic energy that a neutron 
would have to have in order to produce fission of 
the A jesse nucleus. In the last row of Table I are 
the masses of the heaviest beta-stable nuclei as 
known or as obtained in the foregoing discussion. 

Since the probability of fission increases rapidly 
with increasing kinetic energy of the nucleus 
being captured, it is clear that the nuclei which 
undergo fission with slow neutrons are the ones 
which will give large yields of fission with fast 
ones of assorted energies. All of the A jeas: nuclei 
would thus be fairly susceptible to fission by 
neutrons of moderate energy (<0.5 Mev). 
Nuclei of masses greater by 1 unit would give 
fission with thermal neutrons because of the 
greater energy of binding of a neutron into 
nuclei which originally contain an odd number 
of them. Those of masses greater by 2 units will 
require an additional 0.5 Mev of kinetic energy 
of the impinging neutrons for fission to be 
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possible and will therefore be relatively stable. 
Since the masses of the A tease nuclei are all 
greater than the highest expectable masses of 
stable nuclei for the transuranic elements, these 
would be destroyed very effectively by exposure 
to neutrons. The difference between A jess: and 
Amax is for each transuranic element so great 
that the general conclusion is valid irrespective 
of minor inaccuracies in the difficult estimation 
of the critical energy for fission. Recent results 
of the Westinghouse group" indicate that the 
critical energy is somewhat lower for U™* and 
Th” than estimated by Bohr and Wheeler so 
that the fission of transuranic elements is even 
more probable. 

High probability of fission of U*** is also 
indicated by the value of A ieast for U. 

In the foregoing discussion it is implied that 
the nucleus must have the energy of the critical 
deformation for fission to be important. It is to 
be expected, however, that nonclassical penetra- 
tion of the potential barrier will give some 
fission at lower energies. There must be a small 
but finite probability for spontaneous fission of 
all nuclei which can divide exothermically. The 
failure to observe any such effect with U*, 
U**5 or U?44 means that its probability must be 
very slight in view of their long half-lives. 
I am indebted to my colleague, J. A. Wheeler, 
for pointing out that such spontaneous fission 
may, nevertheless, offer an alternative way of 
accounting for the absence of the transuranic 
atoms. The same lowering of the critical energy 
which makes the transuranic atoms sensitive for 
fission by slow neutrons will also greatly increase 
this probability for spontaneous fission. Whether 
it becomes great enough to be of importance for 
any of the nuclei here considered cannot now be 
said with assurance.” The probability for fission 
is undoubtedly greatest for the nuclei with the 
largest values of Z?/A. Of all of those discussed 
in this paper as being obtainable by possible 
experiments the hypothetical »,EkaOs*® would 
be the one most likely to give spontaneous fission. 
For it, x=(Z*/A)/(Z?/A)imiting has a value of 


't Haxby, Shoupp, Stephens, Wells and Goldhaber, Phys. 
Rev., this issue, p. 1088. The fission threshold for Th is 
about 1.1 Mev instead of the predicted 1.7 Mev. 

2 See the discussion by Bohr and Wheeler, reference 3, 
p. 435, and a further discussion in a paper by them which 
is to appear later. 
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0.772 corresponding to a critical energy of about 
4 Mev. »2U*" and ,;U” come next, both having 
values of x of 0.763 which corresponds to 4.4 Mev. 


THE PRODUCTION OF U”® FRom U?%8 


The occurrence in nature of U™*, which is 
highly susceptible to fission, seems to be incom- 
patible with the hypothesis that the transuranic 
atoms have been eliminated by this process. To 
see that there is no contradiction it is necessary 
to consider the capture of neutrons which will 
take place. Those captured by U*™*® form U?* 
which emit beta-particles to give EkaRe**. As 
discussed in a foregoing section this also is 
probably beta-active and produces EkaQOs?® 
which would be expected to emit alpha-particles 
to give U*®, The EkaOs*® is the analog of the 
missing U** and would thus be expected to 
have a half-life short compared to that of U**. 
It is not necessary to make detailed assumptions, 
for in any case it is most probable that the 
EkaRe*® will somehow disintegrate to produce 
U5, The concentration of U** will be built up by 
this process and simultaneously lowered by 
fission of U**. The relative concentrations, Nos 
and Ne3;, may be estimated by setting the rate 
of production of U** nuclei equal to the rate of 
loss of U** nuclei provided that we make the 
plausible assumption that the half-lives of the 
gs3EkaRe™® and possible 9,3EkaOs** are short 
enough compared to that of 92U* that no appre- 
ciable number of atoms will be lost by fission in 
these intermediate stages. The number of 2U*? 
nuclei, and therefore of 92.U* nuclei, produced 
per unit time by the above assumption will be 
proportional to Ness Xo;238. o,238 is the averaged 
cross section for radiative capture of neutrons of 
different velocities by the U** nuclei. Similarly, 
the rate of disappearance of U** nuclei will be 
proportional to Ne35(¢,235+¢,235), os235 being the 
cross-section for fission of U**. The constant of 
proportionality involving the concentration and 
distribution in velocity of the neutrons will be 
the same for both. Setting these equal to each 
other gives 

No35/Ne238= Fr238/ (1235 +6 s235)- 


We may introduce the I’’s, the widths or proba- 
bilities of disintegration per unit time to get™® 


13See the last paragraph of Section III of Bohr and 
Wheeler, reference 3. 
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Noss lr, 238 


Nose Tress tT sess +T nass 
Press tT yess tT ness Rigs 


Deas tT sess R’,5; 


The R's are the radii of the two nuclei, approxi. 
mately equal. I'ye3; and I'n235 are of the same 
order of magnitude for energies of a few million 
volts and both much greater than I’,235. I’,235 and 
I'ye3g are apparently considerably smaller than 
I',233 sO that the conclusion is that No35/Nogs 
should be considerably less than unity, being 
somewhat greater than Iy233/I'n2ss. The abun. 
dance ratio U™*/U*8 corrected to a time 2109 
years ago is 1:27 according to Nier.“ This 
result is not incompatible with the assumed 
formation of U?* from U”®, 








THE 4n+1 RADIOACTIVE ATOMS 


In the section on the beta-stable nuclei the 
probable properties of several of the nuclei of 
the missing 4n+1 family have been discussed. 
It seems probable that the successive disintegra- 
tions would be as follows: 

B a B a a B 
U*"_+Eka Re*’"— Pa**§U* > Th”* > Ra*>— Ac 
* EkaCs?—» Eka?» Bi?!» T10_»Ph2»_ 5 Bim 
Bi? would probably show branching as do the 
other C products so that some nuclei would go 
as follows: 


B a B 
Bi28—> Po243— Ph” Bj. 


The foregoing 4n+1 chain of disintegrations is 
shown by the heavier arrows of Fig. 2. Th® 
does not appear in this chain but there is no 
more reason why it should do so than that the 
Ra”? and Pa*™? which undoubtedly could be 
produced by capture of slow neutrons by Ra and 
Pa should appear in the natural Ac and Th 
chains. Insofar as the half-lives of the nuclei of 
the above chain can be inferred by analogies and 
their positions with respect to known nuclei it 
seems that no one of them should have a half-life 
comparable with the long half-lives of U, Th 
and AcU. The existence in nature of all of the 
heavy radioactive atoms apparently depends 


4A. O. Nier, Phys. Rev. 55, 153 (1939), especially 
Table IV. 
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upon the great magnitude of these three half- 
lives which have insured a continuing supply of 
the radioactive atoms. If there is any such 
nucleus at all in the 4n+1 family it must be 
sought among the transuranic ancestors of U™". 
giEkaOs™, the probable immediate ancestor of 
U*’ might be expected to have a very long half- 
life (y=9, as for U**). The absence of the 4n+1 
atoms thus’ becomes merely another aspect of the 
absence of transuranic atoms. 

The assumed irradiation by neutrons would 
produce 4n+1 atoms by their capture by Th™*. 
At first glance it seems peculiar that the abund- 
ance of their end product, Bi, is so low com- 
pared to that of Pb”’. Bi®*, however, would have 
been partially eliminated and brought into equi- 
librium with Pb™*, Pb®’, and Pb*® in the assumed 
irradiation by neutrons, by reactions of the 
following cycle. Pb**-+—Pb*”, Pb” -+n—Pb™5, 
Pb*®8 + n— Pb™®*, Pb®*-— Bi®*+e-, Bi®™*+n— 
Bi?”(RaE), Bi?”—Po*”+e-, Po?” —Pb™*+ a. It is 
not clear on this hypothesis why the abundance 
of Bi®® is only about 0.01 that of Pb®’. The 
spontaneous fission of 9s;EkaOs™', however, would 
account for the scarcity of its remote descend- 
ant, Bi*®. 


U6 anp U?? 


At first glance the absence of U™* seems 
unusual. Sm" is the only other such even-even 
nucleus in the whole periodic table which is 
absent when both the even-even nuclei of mass 
greater by 2 units and less by 2 units exist. The 
bracketing of U** by U** and U™ is, however, 
perhaps not of any great significance since the 
latter is present only because of its transient 
equilibrium with U**, The half-life of U** may 
be estimated to be 10° yr. U™*, even if originally 
present in quantities comparable with that of 
U*8, would have disappeared if the age of the 
rocks of the earth is of the order of 210° yr. 
Any minerals in which it was originally present 
should now contain equivalent quantities of Th. 
Its absence in nature is also merely one aspect of 
the absence of its possible transuranic ancestors. 

U*? would be expected to be a beta-stable 
nucleus which could exist because of the existence 
of Pa*!. There is no place in the list of isotopes 


%F. W. Aston, Mass Spectra and Isotopes (1933), 
especially Fig. 36 on p. 185. 
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of the stable elements for Z>8 where the even- 
even nucleus of mass one unit greater than the 
lightest stable isotope of the preceding element 
does not exist. U™? might be expected to have a 
half-life of about 2 yr. Its absence in nature is 
obvious since it does not occur in the Th chain. 
It would probably be produced from Pa™? formed 
by capture of neutrons by Pa™". 


DISCUSSION OF THE FiIssiON HYPOTHESIS 


As shown in the foregoing discussion the 
hypothesis of fission, either spontaneous or in- 
duced by neutrons, does account for the absence 
of the missing atoms. A steeper rise of the 
energy surface beyond A = 238, like the one near 
A=211 which causes the short half-lives of the 
nuclei for Z=84 and 86, would, however, 
account for all of the facts equally well, except 
for the above-mentioned scarcity of Bi®*. If the 
distribution of nuclear species was once one of 
an equilibrium at a high temperature the relative 
abundances must have depended upon the 
energies and statistical weights of the different 
nuclei. There is no obvious reason why the 
4n+1 nuclei should have been less abundant than 
the 4n+3 nuclei. If the absence of the 4n+1 
radioactive nuclei, transuranic and otherwise, is 
to be attributed merely to shortness of all half- 
lives, they should appear as a larger abundance 
of Bi®*, contrary to the fact. The very existence 
of all the heavy atoms is something of a puzzle, 
but it seems unlikely that any general hypothesis 
concerning their origin would favor 4n+3 atoms 
markedly in comparison with 4n+1 atoms. 

More definite experimental evidence concern- 
ing the properties of EkaRe**® and particularly 
of the possible EkaOs*® will show whether there 
is a new rise in the energy surface beyond 
Z=92 which would lead to short half-lives for 
emission of alpha-particles. If one accepts the 
conclusion that EkaRe*® is a beta-active nucleus, 
then the results of Segré® indicate that EkaOs™® 
does have a long half-life, excluding an abrupt 
rise of the energy surface. Segré was unable to 
find any additional alpha-activity in a sample of 
U which had been exposed to strong intermittent 
bombardment by neutrons for over two years. 
As mentioned above, this nucleus seems to be 
the most promising one to scrutinize more care- 
fully in a search for possible spontaneous fission. 
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The elastic scattering of alpha-particles is considered 
from the point of view of the many-body theory. The 
restriction is made to scattering by nuclei of zero spin 
since in this case a unique determination of the angular 
momentum of the resonance level (of the compound 
nucleus) responsible for the anomalous scattering is 
possible. The procedures which have been used for the 
determination of the resonance energies and the assign- 
ments of angular momenta are discussed and criticized. 
These methods are based on a comparison of the experi- 
mental data with the dispersion formula for mono-energetic 
alpha-particles and thus do not take into account the 
straggling of the incident beam which is of primary 
importance under the actual experimental conditions. 
In addition, in the determinations of resonance energies 
and the widths of resonance levels the interference scat- 
tering should be considered. An alternative method is 
suggested for obtaining the angular momenta directly 
from measurements of the angular distribution of the 


scattering at fixed energies. This method is essentially 
independent of the straggling of the alpha-particles and 
of the details of the theory as well. The only requirement 
is fairly good angular resolution, viz., a range of scattering 
angles of about 10° would be sufficient and this resolution 
is already attained in the experiments. A procedure for a 
more accurate determination of the energies and widths of 
resonance levels is given. Here again the straggling is 
eliminated insofar as the straggling parameter (width of 
the primary energy distribution) does not appear explicitly, 
Instead, the resonance energy and width depend only on 
readily measurable quantities: mean alpha-particle energy, 
scattering angle, angular momentum of the resonance 
level and the strengths of the resonance extrema as 
observed from the energy distribution of the scattering, 
The result for the resonance energy, in particular, is rather 
insensitive to errors in measurement and to approximations 
made in the derivation of the formulas. 





INTRODUCTION 


HE elastic scattering of alpha-particles has 
been used by several investigators to de- 
termine energies and angular momenta of reso- 
nance levels in various light nuclei. The earliest 
indications of a departure from the classical 
Coulombian scattering were found in the experi- 
ments of Rutherford and others.! More extensive 
investigations which demonstrated the resonance 
character of the scattering were made by Riezler? 
who found large deviations from the classical 
scattering for 7.5-Mev alpha-particles in Be, B, 
C, O, Ne and Al. The scattering of Ra C’ and 
Th C’ alpha-particles in O, N, Ne and A was in- 
vestigated by Brubaker* who found the charac- 
teristic resonance extrema for the ratio of ob- 
served to classical scattering as a function of 
energy, in the case of the first three nuclei 


* Sterling Fellow. 

1E. Rutherford, Phil. Mag. 37, 537 (1919); J. Chadwick 
and E. S. Bieler, Phil. Mag. 42, 923 (1921); E. S. Bieler, 
Proc. Roy. Soc. Al05, 434 (1924); E. Rutherford and J. 
Chadwick, Phil. Mag. 50, 889 (1925); Phil. Mag. 4, 605 
(1927); J. Chadwick, Proc. Roy. Soc. A128, 114 (1930). 

2W. Riezler, Proc. Roy. Soc. A134, 154 (1932); Ann. d. 
Physik 23, 198 (1935). 
(1999) Brubaker, Phys. Rev. 54, 1011 (1938); 56, 1181 
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whereas only a monotonic deviation was observed 
for-A up to 8 Mev. Devons‘ observed the scat- 
tering of alpha-particles from an active deposit of 
Ra (B+C), energies up to 6.5 Mev. The scattering 
substances investigated were C, O, N, F and Ne 
at a scattering angle of 90°. Resonance extrema 
were observed which were attributed to resonance 
levels as follows: C, 5.7 Mev alpha-particle 
energy; N, 4.6 and 5.2 Mev; O, 5.8 Mev and F, 
3.5and 4.7 Mev. In Ne no evidence for resonances 
was observed in contrast to Brubaker’s results. In 
addition, for the nuclei of zero spin the following 
assignments of angular momentum J (in units h) 
were made: for C, J=1; for O, J< 2. In contrast 
to these results Walker® finds evidence for two 
resonance levels from the scattering in C in the 
energy range investigated by Devons, viz., at 4.3 
and 5.5 Mev alpha-particle energy and the J 
values assigned were 1 and 2, respectively. 
Ferguson® finds two resonances in the scattering 
in O, at 5.4 and 6.7 Mev. Both are interpreted as 
P levels, J=1. Possible reasons for these ap- 
parent conflicts in the data are discussed below. 


4S. Devons, Proc. Roy. Soc. A172, 127 (1939). . 
5 I am indebted to Drs. Walker and Ferguson for making 
these results available to me before publication. 
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No attempt is made in the experiments to 
determine level widths with any great degree of 
accuracy. Aside from the difficulty of obtaining 
sufficiently good energy resolution, the determi- 
nation of the width is hampered by a lack of 
knowledge of the penetrability of the potential 
barrier, which, of course, depends on the angular 
momentum of the resonance level and is therefore 
decidedly uncertain, and by the effect of interfer- 
ence between nuclear and Coulombian scattering 
as well as the scattering arising from partial 
overlapping of neighboring levels. 

In the following sections a discussion of the 
above assignments of angular momenta is given 
and an alternative procedure is suggested. In 
addition, the question of determining resonance 
energies and level widths is considered. 


ANGULAR MOMENTA OF RESONANCE LEVELS 


The procedures which have been adopted in 
assigning values for the angular momenta may be 
best understood from a consideration of the 
scattering cross section as given by the many- 
body theory.* In the following we shall be 
interested in the case of scattering by nuclei of 
zero spin. For the alpha-particle energies used in 
the experiments, the particle wave-length is not 
small compared to the nuclear radius so that 
alpha-particles with nonvanishing orbital mo- 
mentum (/ up to about 4) may be involved in the 
scattering. For the special case under consider- 
ation the angular momentum of the resonance 
level in the compound nucleus is then identical 
with the orbital momentum of the alpha-particle. 
It will be sufficient to restrict our considerations 
to the case of scattering from a single resonance 
level. As will be apparent from the following, the 
scattering angle may usually be chosen so as to 
make the scattering from at least one neighboring 
level rather small and since, at a particular 
energy, there is appreciable interference between 
only two levels in general, the restriction to 
scattering from a single level is not so serious. 
With these restrictions the ratio R of total to 
Coulomb scattering is 


R=1+(p?+2p sin ¢+2px cos ¢)/(1+x?). (1) 


-$H. A.. Bethe, Rev. Mod. Phys. 9, 69 (1937). See 
Chapter XII. ; 
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where 
p=(2J+1)(2/y)(T,2/T,) sin? }8P s(cos 8), (1a) 
J (n+%y)? 
eS = e%to TT ntl fo=7 log sin*}8, (1b) 
1 n+? 


x=2(E—E,)/T,, y= 2Ze?/hv. (1c) 


Here J, E,, T, and I, are, respectively, the 
angular momentum, energy, total width and 
partial width for alpha-particle emission from the 
resonance level responsible for the scattering. E is 
the kinetic energy associated with the relative 
motion and v is the velocity of the incident alpha- 
particle in the laboratory reference system. Z is 
the atomic number of the scattering. substance 
and # is the deflection angle in the center of 
gravity reference system. The deflection 9 in the 
laboratory reference system is given by 


tan O=A sin 3/(4+A cos #), (2) 


where A is the mass number of the scattering 
nucleus. In (1) the term in p? is the direct nuclear 
scattering while the terms linear in p are due to 
interference between nuclear and Coulombian 
scattering. 

The assignments of angular momenta made by 
Devons are based on a comparison of the ob- 
served scattering ratio with an upper limit for the 
theoretical ratio (1). This upper limit is taken as 
the resonance value of the ratio and interference 
scattering is neglected. That is 


Rmax = 1+ p?. (3) 


Since the application is made to scattering in C™ 
and O'* the quantity p will contain only one 
unknown parameter, J: The only energetically 
possible process other than the scattering of the 
alpha-particle is gamma-ray emission and since . 
the radiation widths are negligible compared to 
the particle widths, especially for light nuclei, 
for all practical purposes one may take’ 


la=T,. (4) 


7 Other (abundant) light nuclei of zero spin emit either 
neutrons or protons upon alpha-particle bombardment. 
Although the Q values for all these reactions are negative, 
the threshold energy is so small (~1—2 Mev) that it 
would be impossible to observe only alpha-particle scatter- 
ing due to the small barrier penetrability at these low 
energies. 
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Since the upper limit given in (3) generally 
increases with the angular momentum J, a lower 
limit for J is obtained. Large values of J are 
very improbable because the barrier penetrability 
for the energies used in Devons’ experiments 
would then be very small. 

In criticism of this procedure for determining 
angular momenta it may be noted first, that the 
neglect of the interference scattering is not 
always justifiable. This is obviously the case 
when the scattering angle 9 = 90° (# = 109.5° and 
104.5° for C and O, respectively) as in Devons’ 
experiments. For levels of odd (but not large) 
angular momentum such as J=1, p will be small 
due to the factor P (cos #), cf. (1a). In this case 
the interference scattering may be as important 
as the direct nuclear scattering. 

A more important objection is the fact that 
straggling has been neglected. Obviously the 
theoretical scattering ratio (1) refers to mono- 
energetic alpha-particles whereas in the experi- 
ments there is a rather large spread in energy. 
Under the conditions of observation straggling of 
the alpha-particles arises mainly from the fluctu- 
ations in energy loss due to stopping in air or 
mica and from the finite thickness of the source 
and target (or scattering volume). In all the 
experiments the energy resolution has been rather 
poor and straggling widths were of the order of a 
few hundred kilovolts. This is comparable with 
the actual widths of resonance levels even for 
alpha-particle energies above the top of the 
potential barrier. Moreover, a considerable por- 
tion of the energy range used in the experiments 
is below the top of the barrier (even for angular 
momentum zero) and in these cases the straggling 
width may be much larger than the natural width 
(that is, width above the top of the barrier times 
barrier penetrability). Therefore the broadening 
- effect of straggling will be quite important and 
the height (and depth) of the resonance extrema 
will be considerably less than would be expected 
from the scattering ratio as given by (1). The 
angular momenta deduced from a comparison of 
the observations with the uncorrected formula 
(1) would thus tend to be too small. 

Other methods which have been used for the 
determination of the angular momenta are sub- 
ject to the same criticism, i.e., neglect of strag- 
gling. These methods are based on a comparison 
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of the experimental data with certain simple 
relationships derived from the unstraggled scat. 
tering ratio (1). In these relationships the 
unknown resonance energy and level width are 
eliminated and the angular momentum is given 
in terms of the observed maximum and minimum 
scattering ratios, alpha-particle energy and 
scattering angle. Writing (1) as 


R=1+(a+6x)/(1+<*), (5) 
a=p’+2psin{, b=2pcosf, (5a) 


one can readily verify the fact that a and } are 
comparatively insensitive with energy. Therefore 
the positions of the extrema are given by 


X1,2= — (a/b) ¥ (1+a’/6*)! (6) 
and the extrema themselves by® 
Ri,2=1+6/(2x; 2). (7) 


Either (7) combined with (6) or more simply the 
relation 
p= +(R,'—R;!) (8) 


may be used to obtain J from the observed values 
of E, 8 and R;, Re (cf. 1a). However, when 
straggling is taken into account the positions and 
magnitudes of the extrema depend on the 
straggling width and the simple relations (7) and 
(8) are no longer valid. 

Since it is rather inconvenient to determine the 
straggling width by direct measurement or to 
regard it as an additional parameter to be 
determined by a comparison of observations with 
a theoretically straggled formula, it would be 
very desirable to have a method for the determi- 
nation of the angular momenta which is to a 
large degree independent of straggling. In the 
following such a method is discussed. 

The following procedure for the determination 
of angular momenta of resonance levels may be 


8 Obviously for all a and 6, x,;<0 and x,>0. Therefore 
if b>0, R, is the minimum and _R; the maximum whereas 
the reverse is true when 5<0. Essentially the same situa- 
tion — when agen gy is taken into account (cf. (12)). 
This fact may used in some cases to obtain some in- 
formation about rae angular momentum by inspection of 
the observed scattering ratio as a function of energy. Thus 
tor energies up to at least 7 Mev and for J up to at least 
5 and for scattering in O"* at 90°, b is positive for even J 
and negative for odd J. Therefore if the maximum ratio 
lies at higher energy J is even and for the positions of the 
extrema interchanged J is odd. 
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applied to any scattering nucleus of spin zero.°® 
For such nuclei it is evident that, regardless of 
the presence of straggling, the nuclear scattering 
(direct and interference scattering) vanishes 
when P,(cos #) vanishes. Therefore if one meas- 
ures the scattering at a fixed energy as a function 
of angle the positions of the nodes (R=1) give a 
direct empirical determination of the angular 
momentum. In applying this method there are, 
however, two things to be considered. First, in 
addition to the nodes due to P,;(cos #) vanishing 
there may be nodes due to the cancellation of the 
direct and interference scattering and these may 
accidentally coincide or lie near one of the 
P,(cos 8) nodes. However, the position of such 
“interference”? nodes will obviously depend on 
the energy of the alpha-particles and if this 
energy is changed these nodes will shift. There- 
fore, it is only necessary to measure the angular 
distribution at two different energies and to 
disregard the nonstationary nodes. Second, al- 
though the energy spread is inessential, insofar as 
the nuclear scattering vanishes for vanishing 
P,(cos 3) regardless of the energy, a certain 
amount of energy resolution is necessary in order 
to avoid difficulties due to partial overlap of the 
scattering due to neighboring resonance levels. 
The two fixed energies at which the angular 
distribution is to be investigated should be 
chosen so that the scattering is due almost 
entirely to a single level. In order to accomplish 
this it is necessary that the straggling width be 
small compared to the spacing between neigh- 
boring levels (~ 1-2 Mev). 

*For nuclei with nonvanishing spin the angular mo- 
menta of the resonance levels may be determined only in 
the trivial case that the alpha-particles are sufficiently slow 
(wave-length large compared to the nuclear radius) so that 
only particles of orbital momentum zero can be scattered 
appreciably. That is, with the nuclear radius = }(e*/mc*)A! 
where A is the mass number, we have as a condition on the 
energy EX<}(1372/1840)(4+A)/A*® Mev which is con- 
siderably smaller than the barrier height except for very 
light nuclei (H and He). In addition, the Coulomb scatter- 
ing is large at small energies and will mask the nuclear 
scattering unless the nuclear charge is small. Therefore 
the nuclear scattering of such slow alpha-particles could 
be observed only in very light nuclei for which there are 
usually no low lying levels so that no resonance effects 
would be observed. 

“If there is a slight amount of overlap the observed 
scattering ratio at the angle for which P;(cos #) vanishes 
will be slightly different from unity and the node will be 
displaced by a small amount which does depend on the 
energy. However, in many cases this displacement of the 


node may not even be detectable and in any case an 
accurate location of the node is unnecessary. It is only 
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The condition that the straggling width be 
small compared to the spacing between levels is 
also of importance for the elimination of inelastic 
scattering when the scattering nucleus has an 
excitation level very near the ground state. If 
there are no very low lying levels there will be no 
need to take precautions against inelastic scat- 
tering since inelastically scattered alpha-particles 
will be too slow to penetrate the potential barrier 
to any appreciable extent as long as the initial 
energy is of the order of the energies used in the 
experiments (=8 Mev). If there is a level close 
to the ground state the corresponding inelastic 
scattering can be eliminated by using absorption 
foils if the straggling width is smaller than the 
excitation energy of the level in question. This 
will usually be fulfilled since straggling widths 
are rarely larger than 500 kev. 

Aside from the fact that the procedure here 
suggested eliminates the large uncertainties 
arising from an undetermined straggling, a further 
advantage is the directness of the method since it 
is independent of the details of the theory and 
depends only on the fact that the nuclear 
scattering amplitude for a level of angular mo- 
mentum J is proportional to P;(cos 8). More- 
over, as will be apparent from the following, the 
angular resolution required is not greater than 
that actually attained in the experiments, viz., an 
angular spread of 10° is sufficient. It is of course 
not necessary to measure at all angles but only in 
the neighborhood of a few angles—the nodes of 
P (cos #) for the first few J values. These nodes, 
in terms of the laboratory scattering angle 0 
(cf. (2)), are given in Table I for several scattering 
substances and for values of J<4. Levels with 
larger values of J are very unlikely to affect the 
scattering appreciably."! Only the most abundant 
nuclei of spin zero have been given in the table. 

For J=2, 3 and 4 only the largest angles have 
been given in the table. If these nodes are located 
by measuring above and below the angle for zero 
nuclear scattering and interpolating, the inter- 
polation is more accurate at the larger scattering 
angles since the amount of nuclear scattering is 


necessary to find the angle for unit scattering ratio near a 
node of Ps(cos 8). 

1 With the nuclear radius as in reference 9, the barrier 
height for an orbital momentum of 5 units varies from 
25.4 Mev for C™ to 19.5 Mev for Ca* with a minimum 
barrier of 18.3 Mev for A*. 
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greater in this case. It may be seen that the 
largest node for J=3 and the larger of the two 
nodes given for J =4 are rather close together and 
if a node were actually found in this range of 
angles the angular resolution may be insufficient 
to distinguish between J=3 and J=4. In this 
case measurements in the neighborhood of the 
smaller node for J =4 will permit a decision to be 
made. Finally it may be noted that the nodes 
listed for J=1 obviously apply to all odd J so 
that preliminary measurements at these angles 
would eliminate either all even J or all odd J."'¢ 

The only investigation of the angular distri- 
bution of the scattered alpha-particles has been 
made by Riezler.2 Our considerations can be 
applied only to Riezler’s results for C since all 
the other angular distributions investigated refer 
to nuclei which have nonvanishing spin. For C 
Riezler finds a node at © slightly less than 127° 
and no nodes at larger angles. This would 
correspond to J=3 which is greater than the J 
values assigned by both Devons and Walker. 
However, since no measurements were made at 
other energies, so that the possibility of an 
interference node cannot be excluded, nor at 
smaller angles for which a node would appear if J 
were smaller than 3, this value for the angular 
‘momentum is by no means certain. 

It is of interest to discuss the case of scattering 
in O'* in some detail since it is probable that all 
or most of the low lying levels in the compound 
nucleus Ne*® are known. From the neutron 
groups observed by Bonner” in the reaction 


F°4H?=Ne*+4n, 


evidence is found for levels in Ne” at excitation 
energies of 1.5, 4.2, 5.4, 7.3, 9.0 and 10.1 Mev. In 
addition, from the capture of protons by F’® with 
gamma-ray emission the existence of at least ten 


Ne Tf there is evidence for the existence of an appreciable 
amount of potential scattering, for example minimum 
scattering ratio greater than unity or in general, scattering 
ratios larger than can be accounted for by resonance 
scattering alone, the above procedure can be applied if the 
energy dependence of the potential scattering across the 
resonance region can be neglected. This will be the case if 
a background scattering ratio can be observed which is 
essentially the same above and below resonance. Then 
the node of the nuclear scattering is determined with 
respect to the background scattering ratio. In the above 
R—1 would be replaced by the difference between the 
observed ratio and the observed background. 

12T. W. Bonner, Phys. Rev. 56, 207 (1939); Proc. Roy. 
Soc. A174, 339 (1940). 





E. 
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TABLE I. Scattering angles @, laboratory reference sy 
for which the nuclear scattering from a resonance leve] 
angular momentum J, vanishes. The largest angles are listed 
in each case. 











————_=_ 
J 1 2 3 4 

ce 71.6° 106.7 124.9° 136.1° oO 
or 76.0 1118 129.7 140.2 956 
Ne” 78.7 114.8 132.3 1424 9g 
Mg™ 80.5 1167 133.9 143.8 100% 
S® 82.9 119.0 135.7 145.4 1039 
A®,Ca® 843 120.3 1368 1463 1045 











closely spaced levels lying between 13 and 15 Mey 
may be inferred.'* The two lowest states found 
in the (d,m) reaction are stable against alpha. 
particle emission and the highly excited states 
around 14 Mev (corresponding to 11.5 Mey 
alpha-particle energy in the laboratory frame of 
reference) are too narrow and too far removed 
from the energy range investigated in the scat- 
tering experiments to participate in the scattering 
of the alpha-particles. The level at 5.4 Mey 
excitation, corresponding to 0.8 Mev alpha- 
particle energy, is very probably to be neglected 
in a consideration of the scattering of particles 
of more than 3 Mev energy. This leaves three 
levels which may contribute appreciably to the 
scattering between 3 and 7 Mev. The 10.1 Mey 
level (6.7 Mev alpha-particle energy) and possi- 
bly any levels which may lie between this energy 
and 13 Mev excitation no doubt accounts for the 
rise in the scattering ratio for energies above 
6 Mev as observed by Brubaker. There is reason 
to believe that the scattering below 6 Mev is 
mainly due to the 9.0-Mev level. From the 
appearance of Devons’ scattering curve for O we 
may conclude that this level has even J.° As- 
suming a resonance energy consistent with 
Bonner’s result and with any reasonable width 
and straggling (cf. (11), (12) below) it is found 
that Devons’ curve can be reasonably well fitted 
(within the experimental error for all but the 
lower energies) only for J=2, in agreement with 
Devons’ lower limit. Other values of J up to J=4 
give a nuclear scattering which is only 10 percent 
(or less) of the observed amount. However, no 
curve can be adjusted to fit the experimental 
results at the lower energies (3 to 4 Mev) where 
the observed scattering would appear to be 


3 E. J. Bernet, R. G. Herb and D. B. Parkinson, Phys. 
Rev. 54, 398 (1938). 
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abnormally low. But this may be readily under- 
stood when the scattering by the 7.3-Mev level 
(3.2 Mev alpha-particle energy) is taken into 
account. In order to obtain quantitative agree- 
ment with Devons’ results the 3.2-Mev (alpha- 
particle energy) level must diminish the scattering 
at 3-4 Mev so that the scattering ratio for this 
level alone should have a minimum at higher 
energies and a (slight) maximum at lower 
energies. This would indicate an odd angular 
momentum for this level,* probably J=1 since at 
these energies the barrier penetrability for J=3 
is negligible. It is interesting to note that, 
although Devons’ scattering curve superficially 
appears to give evidence for only one resonance 
level, a closer analysis indicates two resonance 
levels in the energy region investigated whose 
positions are in reasonable agreement with 
Bonner’s results. From our assignment of angular 
momentum for the lower lying level it would 
follow that the scattering from this level at other 
angles, particularly @ = 112° (see Table I), would 
be more prominent since the scattering from such 
an odd level is somewhat suppressed at the 90° 
scattering angle used in Devons’ experiments. 

This choice of scattering angle may explain the 
appearance of only one resonance level in Devons’ 
results for C whereas two levels are found by 
Walker. The missing level has J=1 according to 
the latter, and hence the scattering from this 
level at 90° might be easily masked by the 
scattering from the nearby 5.5-Mev level for 
which J is apparently 2. The same argument may 
be advanced as a possible explanation for the 
absence of resonance peaks in Devons’ results for 
Ne whereas such effects were found by Brubaker. 
While it is true that one of the scattering angles 
investigated by Brubaker was very close to 90°, 
namely, 88.5°, the angular spread in these experi- 
ments was considerably larger than in Devons’ 
measurements. Even then the deviations from 
classical Coulombian scattering observed by 
Brubaker were comparatively small. 

For the scattering in O it will be noted that the 
positions of the resonance levels as deduced from 
the scattering data of Ferguson and Devons are 
in reasonably good agreement with the disinte- 
gration data. The 3.2-Mev level was not observed 
by the former inasmuch as the energy region 
investigated did not extend below 4.0 Mev 
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However, the angular momentum of the level 
observed by both investigators (alpha-particle 
energy 5.4 Mev) is assigned the value 1 by 
Ferguson and 2 according to the data of Devons. 
A possible source of the discrepancy is the fact 
that the former assignment is based on the 
strengths of the resonance extrema (cf. (8)) and 
aside from the objection that straggling is not 
taken into account, a relatively small number of 
points were obtained, necessitating a rather 
uncertain interpolation in obtaining the height 
and depth of the extrema. 

In connection with the resonance levels found 
in the scattering by C™ an investigation of the 
excited levels in O'* by disintegration experiments 
would be desirable. Such an experiment would be 
the cloud-chamber study of recoils produced by 
the neutrons from 


N¥4H?=O!4n 
or 


C®+He!=0'%+n. 


With O'* formed in the ground state, both reac- 
tions are exoergic with energy releases of Q= 10.0 
and 2.4 Mev, respectively. Since there are pre- 
sumably two excited states in O'* which are 
supposed to lie at 10.6 and 11.5 Mev excitation, 
deuterons of more than 1.7 Mev or alpha- 
particles of more than 12.1 Mev would give rise 
to two neutron groups in addition to the group 
corresponding to the formation of O'* in the 
ground state. These experiments might best be 
carried out by first observing the neutrons from 
normal C or N samples and then comparing these 
results with the neutron groups observed when 
C or N samples enriched in the heavy isotope are 
used. Of the two reactions the one with N is 
perhaps preferable. The emission of neutrons 
from N* has been observed by Stephens, Djanab 
and Bonner" and two neutron groups were found, 
with Q values of 5.1 and 1.1 Mev corresponding 
to the formation of O" in the ground state and in 
an excited state at 4.0 Mev: 


N“+H?=O"%+n+0. 


Thus there should be no overlap between the 
neutron groups from normal N (N"™) and those 
from N!, the spacing between groups being at 


“ W. E. Stephens, K. Djanab and T. W. Bonner, Phys. 
Rev. 52, 1079 (1937). 
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least 1.6 Mev and the groups from the two 
isotopes should be easily distinguishable. On the 
other hand, the observation of the neutron 
groups from the C reaction would require much 
greater resolution since the neutron energies 
corresponding to O"* in either excited state or O'® 
in the ground state differ by 0.5 Mev or less. 
Obviously, information concerning the levels of 
O'* would be of great interest for the interpre- 
tation of the experiments on proton capture 
by F.' 


ENERGY AND WIDTH OF RESONANCE LEVELS 


It is apparent that even without straggling the 
energy for which the scattering ratio is a maxi- 
mum (or a minimum) does not coincide with the 
resonance energy because of interference scat- 
tering. However, if this were the only factor to be 
considered, the resonance energy could almost 
always be determined within a few hundred 
kilovolts from the positions of the extreme 
scattering ratios. From (6) and (1c) it follows 
that the resonance energy always lies between 
the extrema.* The maximum error which could be 
made in the resonance energy, taking it to lie 
midway between the extrema, would be one-half 
the separation between extrema or about one- 
quarter of the level width. The effect of straggling 
in shifting the higher energy extremum towards 
higher energies and the Jower energy extremum 
towards lower energies, thus increasing their 
separation by about the straggling width, in- 
creases the uncertainty in the resonance energy 
by a like amount. 

A more accurate method for determining the 
resonance energy, and the level width as well, is 
the following. We shall assume a special form for 
the energy distribution of the incident alpha- 
particles and then show that the straggling may 
be essentially eliminated by observing the heights 
and positions of the resonance extrema. We 
assume a (normalized) straggling function of the 
form 





- 2 dE 
¢(E— E)dE=— — . 
nl’, 1+4(E—E)?/T,? 


where E is the most probable (~average) energy 


% See, e.g., J. R. Oppenheimer and J. S. Schwinger, 
Phys. Rev. 56, 1066 (1939); D. M. Dennison, Phys. Rev. 
57, 454 (1940). 


ROSE 


and I, is the straggling width. The scattering 
ratio now becomes 


R(B) = f RoogdE / f ood ES f eRdE, (10) 


where R is given in (1) and oo is the Coulomh 
scattering cross section. The integral may be 
easily evaluated if the widths are assumed 
constant. The result for the scattering ratio with 
straggling is then 





= rT, at+bz 
R=1+ —, (11) 
r,+T, 1+? 
where : 
#=2(B-E,)/(V,+1,), (11a) 


so that the widths are additive. The effect of 
straggling may then be visualized as a stretching 
of the scattering curve along the energy axis (and 
about the resonance energy) in the ratio of the 
straggled to unstraggled widths and a shrinking 
of the scattering ratio about R=1 in the inverse 
ratio. The approximations made in deriving (11) 
should not lead to a serious error. 
The maximum and minimum scattering ratios 
are approximately 
y b 


Ri2=1+ ' (12) 
r+ r, 221, 2 








where Z;,2 are the same as %),2 given in (6). If the 
values of #;,2 from (11a) are inserted in (12) this 
becomes 

11,(E,,2)b 


2 B..—E. 


Ri2=1+ 





(13) 


in which the straggling width no longer appears 
explicitly. It may be noted that if additivity of 
the squares of the widths rather than of the 
widths themselves were assumed, the same result 
would follow. The straggling affects the extrema 
only insofar as their positions E,,2 which appear 
in (13) are affected. The level width I, at 
energy E, is written as!® 


l'(E,)=G,Po, (14) 


16 Strictly speaking, this is valid only if the total width 
and the partial width for alpha-particle emission are about 
equal; that is, in the case of C and O'* (and for alpha- 

rticle energies below 6.5 Mev for C® and below 10.2 

ev for O'*—above these energies proton emission is 
energetically permissible). However, (14) can no doubt be 
extended somewhat above these limits. 
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where P, is the penetrability of the potential 
barrier for alpha-particles of energy E,, and G,, 
the width without barrier, is to be taken inde- 
pendent of the energy. Eqs. (13) are two relations 
from which the two unknowns, the resonance 
energy E, and the level width G,, can be de- 
termined from the measured values of Ri. and 
E,:. It is assumed, of course, that the angular 
momentum of the level is known, (cf. preceding 
section), so that the penetrabilities P; and P» 
can be calculated from the well-known formulas." 
From (13) we find for the resonance energy 


ki Eit+K2Es 
aon (15) 
kKitke 
and for the level width 


KiK2 








G,=- (2,-E)), (16) 
kitke 
where?!* 
; 4|R,-1 
wait b (17) 





It will be noted that the parameter 0} occurring 
in (17) involves the usually unknown ratio of 
partial width to total width. To the extent that 6 
may be assumed to be independent of the energy 
(cf. remarks preceding (6)), the resonance energy 
(but not the width) can be determined since it is 
independent of b. Of course, for C and O'* there 
is no difficulty since the ratio in question is 
essentially unity and both the resonance energy 
and width may be obtained from readily ob- 
servable quantities. An accurate determination 
of the resonance energy and level width by the 
application of these formulas evidently requires 
an accurate location of the resonance extrema 
which would in turn require improved energy 
resolution. However, it is seen that the resonance 
energy as given by (15) is more or less inde- 
pendent of systematic errors; the use of (16) 
would seem to be the only quantitative procedure 
available for the determination of the width, 
unless the straggling is measured. 

While the above method involves a certain 
amount of labor, certain special cases which may 
occur in practice allow a sufficiently accurate 


” Reference 6, p. 178. 


interpolation for the resonance energy in a simple 
way. In the following it should be noted that the 
interval between extrema is always greater than 
the straggling width: from (11a) and (6) we 
have 


E,.—E,= A(T (B2)¥e+T,( 21) /#2) 
+30.(Z2+1/%2) > $1 .(Z2+1/%.)27T,. (18) 


Therefore the separation between extrema will in 
general be sufficient to make P.>P, if at least E, 
lies appreciably below the top of the potential 
barrier. Then the relative magnitude of x; and xe 
and the approximate position of the resonance 
energy follow from a comparison of the strengths 
of the extrema | R,—1{| and | R.—1| as follows: 


(1) |R,—1|>>|R.—1]|. If both extrema are 
above the top of the barrier P; = P2 and therefore 
k1> «2 so that from (15) the resonance energy lies 
near the low energy extremum, E,~£E,. Below 
the top of the barrier P:>P, and the same 
conclusion follows a fortiori. 

(2) |Ri—1|~|R.—1!. Above the top of the 
barrier we have x;1~xz2 and thus the resonance 
energy lies about midway between the extrema, 
E,~4(E,+E:). This will be more accurate the 
closer are FE, and Fz, i.e., for narrow levels which 
are the rule above the top of the barrier. Below 
the top of the barrier we again have «x,>xke 
because of the smaller penetrability at 2. 
Thus E,~EF,. 

(3) |Ri—1|«|R.—1|. Above the top of the 
barrier x:<xz and the resonance energy is almost 
coincident with the position of the higher energy 
extremum, E,~ E>. If both the extrema lie below 
the top of the barrier a definite conclusion may be 
drawn only if the ratio of the strengths of the 
extrema is much greater than the ratio of the 
corresponding penetrabilities P:/P,. In this case 
Ke> K1 and E,~ Ez. 

This shows that the identification of the 
resonance energy with the position of the 
strongest extremum is usually justified. When the 
extremum at higher energy is the stronger, 
however, this procedure may give rise to an 
appreciable error, especially in the case of wide 
levels. Finally it may again be emphasized that 
these considerations are valid only if the overlap 
between neighboring levels is small. 
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Radioactive iodines resulting from the uranium fission have been further studied, with 
results which in addition to confirming those of previous investigators, establish the following 
active substances as products of the uranium fission. 


> 


> 


[7131 6.6 hr. Xe7™! 9.5 hr. Cs (?) 
—> 
Xe7"4! 4.3 day Cs (?) 


The 4.3-day xenon is produced by the decay of the 22-hour iodine. The 6.6-hour iodine is either 
a direct fission product, or the daughter of an active tellurium of half-life less than 1 minute. 





I. INTRODUCTION 


INCE the discovery by Hahn and Strassmann! 
that radioactive barium isotopes result from 
the neutron irradiation of uranium, many other 
active substances have been found to be produced 
in the same way, and have been studied by 
numerous investigators.? Radioactive isotopes of 
most of the elements from selenium to lanthanum 
have been reported. The chemical identities of 
the active substances have been established 
principally by characteristic chemical reactions, 
and in a few cases by critical absorption measure- 
ments on characteristic x-radiations emitted by 
the active bodies. 

Shortly after the discovery that the 2.5-hour 
“transuranium”’ is actually an iodine isotope*‘ 
we looked for other radioactive halogens in 
neutron-irradiated uranium and found active 
iodines to which we ascribed half-lives of about 
45 minutes and about 12 hours.® A detailed study 
by Abelson® showed that radioactive iodines of 
half-lives 54 minutes, 2.4 hours, 22 hours, and 8 
days are formed, all descended from active 
telluriums. These substances were also studied 
by Hahn and Strassmann’ with essentially the 


*A portion of the thesis submitted by Richard W. 
Dodson to the Johns Hopkins University in partial ful- 
fillment of the requirements for the Ph.D. degree. 

10. Hahn and F. Strassmann, Naturwiss. 27, 11 (1939). 

2 These are cited in detail by L. A. Turner, Rev. Mod. 
Phys. 12, 1 (1940). 

*P. Abelson, Phys. Rev. 55, 418 (1939). 

4N. Feather and E. Bretscher, Nature 143, 516 (1939). 
(1939) W. Dodson and R. D. Fowler, Phys. Rev. 55, 880 

* P. Abelson, Phys. Rev. 56, 1 (1939). 

70. Hahn and F. Strassmann, Naturwiss. 27, 529 (1939). 
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same results except that a half-life of 18.5 hours 
instead of 22 hours was assigned to one of the 
iodines. 

We have continued our investigation of these 
substances with results which now stand jn 
agreement with those of Abelson, and which also 
show the formation of an iodine of 6.6-hour half. 
life, for which no tellurium parent could be 
found, the growth of an active xenon (half-life 
9.5 hours) from this iodine, and the formation of 
a 4.3-day active xenon, probably from the 22-hour 
iodine. In the course of this work, we have 
learned of unpublished investigations by Segré, 
Langsdorf, Jr. and Wu,® apparently carried out 
along similar lines, and with results in substantial 
agreement with ours, which we report in the 
following sections. 


II. THe Activity SEPARABLE WITH IODINE 


Iodine separated from neutron-irradiated ura- 
nium had an activity whose decay curve clearly 
shows the presence of at least four active sub- 
stances. A typical decay curve for such a separa- 
tion is given in Fig. 1. The uranium was irradiated 
for 30 minutes; the separation was completed 15 
minutes after the end of irradiation, which was 
taken as the zero of time. The measurements 
were discontinued before the 8-day component 
was resolved, and the curve drawn for the 8-day 
component was calculated from the slope near 
the end of the experimental curve, under the 
assumption that only the 22-hour and 8-day 


8 Cited by J. J. Livingood and G.T. Seaborg, Rev. Mod. 
Phys. 12, 30 (1940). 
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RADIOACTIVE IODINES EXTRACTED FROM URANIUM 

> TOTAL AcTMITY A 

> A MINUS 6 DAY COMPONENT = 8 

> B MUS 22 HOUR COMPONENT «= 
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Fic. 1. Decay curve of the activity extracted with iodine 
from neutron irradiated uranium, and its analysis into 
various components. 


components were present. Subtraction of this 
curve from the experimental points gave points 
(B), which lie on a curve terminating in a 22-hour 
slope, and successive subtractions gave curves 
(C) and (D), of slopes corresponding to 9-hour 
and 54-minute half-lives, respectively. No 2.4- 
hour contribution appears in this analysis, pre- 
sumably because the yield of its long lived 
(77-hour) parent tellurium was so small and the 
complexity of the curve is so great that it could 
not be resolved. Three of the half-lives agree with 
those reported by Abelson ;* in addition, it is seen 
that at least one additional active substance of 
half-life about 9 hours is present. The points (C) 
lie above the middle portion of the 9-hour line, 
and the best fit would be obtained with a curve 
concave downwards. Although this effect is small, 
it was checked in duplicate runs, and hence we 
suspected the presence of a radioactive daughter, 
xenon, growing from an active iodine. Subsequent 
experiments showed that two active xenons are 
formed. Hence the analysis of the total decay 
curve in Fig. 1, which ignores growth of active 
daughter substances, is not correct. However, 
because an unknown fraction of the active 
xenons escapes from the sample during measure- 
ment, and because of the probable difference in 
the efficiency of counting the beta-particles from 
the parent iodine and the daughter xenon, we 
were unable to draw a theoretical curve for the 
activity due to the parent-daughter combination, 
and resorted to other means of determining the 
half-lives of the active substances in question. 
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Fic. 2. Decay curves of two successive iodine extracts 
from the same sample of neutron irradiated uranium, and 
analysis of the decay curve of the second extract. 


These effects make the final difference curve (for 
the 54-minute iodine) of only semi-quantitative 
significance, showing that an activity of about 
one-hour half-life is present. 

Since Abelson’s studies of the iodines resulting 
from the decay of the active telluriums from the 
uranium fission showed no evidence of any 
9-hour substance, it is reasonable to conclude 
that any tellurium parent of this substance must 
have a very short half-life. This was confirmed by 
successive iodine extractions in the following 
experiment. 

The uranium solution was irradiated for ten 
minutes, such a short irradiation time being 
employed in order to enrich the yield of any 
direct fission product, or one having very short- 
lived progenitors, over that of products descended 
from relatively long-lived progenitors. Extraction 
of iodine from the solution was completed 5 
minutes after the end of the irradiation, special 
care being taken to insure a quantitatively com- 
plete separation. The uranium solution then 
stood for 15 minutes, and a second iodine 
extraction was made. The two iodine extracts 
were examined for activity as usual. The results 
are shown in Fig. 2. The first extract shows a 
decay curve similar to that in Fig. 1; the presence 
of the ‘“9-hour’’ component in considerable 
amount (about 400 counts per minute at time 
zero) was confirmed by analysis of the curve (not 
shown in the figure). The analysis of the decay 
curve of the second extract (shown in the figure) 
shows only the 54-minute, 22-hour, and 8-day 
iodines. Thus, any active parent of the 9-hour 








TT 
Lh 


TOP Urn 
Ld 


TOT Tiny 


25 
[om mee eeriry 


TOT UT 
Li 





1 1 i i 1 i 1 i i 





4 4 
" wa a ) tJ ” 





' i i i 

© ' 2 3 4 s 6 ’ 6 o 
DAYS 

Fic. 3. Decay curves of the radioactive xenons separated 

from the active iodines. 
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substance must have disappeared (within experi- 
mental error) during the 5 minutes required for 
the first extraction. A 9-hour activity of 10 
counts a minute could certainly have been ob- 
served; therefore at least 98 percent of the 
hypothetical parent must have decayed in the 
five minutes required for the first extraction, and 
consequently its half-life must be less than one 
minute.* 


III. ActivE XENONS SEPARABLE FROM THE 
IoDINE EXTRACTS 


Active xenons with half-lives of the order of a 
minute or less, and about 15 minutes have been 
found in neutron-irradiated uranium by Hahn 
and Strassmann,'** and others, by a gas-stream 
technique in which the noble gas was swept out of 
solution by a gas stream and trapped in suitable 
adsorbents, which were examined for the pres- 
ence of active descendents (cesium, barium, 
lanthanum) of the xenon. Because of the down- 
ward concavity of the ‘‘9-hour’’ component of the 
iodine separation we inferred that active xenons 
might be growing in the silver iodide precipitate. 
An attempt was made to expel the xenon from a 


8 Note added in proof.—Since the above was written, 
a letter has appeared by E. Segré and C. S. Wu [Phys. 
Rev. 57, 552 (1940)] on the subject of the active xenons 
produced in the uranium and thorium fissions. The results 
agree well with those herein reported, except that the 
parent of the 6.6-hour iodine is stated to be a tellurium of 
about 15 minutes half-life. Also, they report that one or 
more short-lived xenons grow from iodine. 

*O. Hahn and F. Strassmann, Naturwiss. 27, 163 (1939). 
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10 A. Langsdorf, Jr. and E. Segré, Phys. Rev. 57, 105 
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solution of active iodide into thin-walled glag. 
bubbles. A feeble activity, too weak for accurate 
measurement was found. Recourse was then had 
to the ingenious method described by Langsdorf, 
Jr., and Segré’® for the preparation of emanating 
samples of bromine and iodine. The iodine wag 
absorbed on silver-nitrate-impregnated silica ge| 
from carbon tetrachloride solution. The silica ge| 
was dried, and placed in a small glass bulb which 
was attached through a stopcock to a counter. 
The arrangement was such that no beta-particles 
from the active iodine could reach the counter, 
and emanated xenon could diffuse into the 
counter if the stopcock was open. To the bulb was 
also attached a second stopcock through which 
the system could be evacuated and refilled with 
argon. After installation of the emanating sample, 
the background of the counter was measured 
with the first stopcock closed. The cock was then 
opened, and there was a rapid growth of activity, 
attributable to diffusion of active xenon into the 
counter. Fig. 3 shows the decay of the active 
xenon collected over a growth period of 17 hours, 
Two active substances are present, of half-lives 
9.5+0.4 hours and 4.3+0.4 days. Subsequent 
experiments proved that the entire activity 
could be removed by evacuating the counter, 
that the 9.5-hour substance is the daughter of a 
6.6-hour iodine, and indicated that the 4.3-day 
activity is the daughter of the 22-hour iodine. 
We therefore attribute both activities to isotopes 
of xenon. 

Because of the weak intensity of the longer 
lived xenon, we followed its activity for only 
about two half-lives after the 9.5-hour activity 
had become negligible. In the last measurement 
the activity was 12.5 counts per minute, or about 
half the background count as determined at the 
beginning of the run. When the background 
cannot be checked for small drifts in the course 
of a run (as in the present case), the measurement 
of such small activities is uncertain, and it was 
not considered profitable to carry the measure 
ments further. The assignment of a 4.3-day half- 
life assumes, of course, that there were no 
appreciable drifts in the background, and that 
no other active substances were present. 


(1940) 
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IV. THE IODINE PARENTS OF THE 
ACTIVE XENONS 


The genetic relationships between the active 
xenons and iodines were investigated by the 
technique of periodic separation of the daughter 
substances. The emanating-sample counter set- 
up, as described above, was used. The counter 
assembly was evacuated, then filled with argon 
to 5 cm pressure. Both stopcocks were immedi- 
ately closed, and the background count was 
measured. The communicating stopcock between 
the emanating sample and the counter was then 
opened, and the growth of activity followed for 
about 7 hours. The counter assembly (including 
the bulb containing the emanating sample) was 
then evacuated, and the process repeated. The 
background count after each evacuation and 
refilling was constant during the course of the 
run, showing that the xenons left no active 
deposit, and thus that the 4.3-day substance is an 
isotope of xenon, rather than a radioactive cesium 
produced by the decay of the 9.5-hour xenon. 

The activity of a daughter substance after 
growth for any fixed interval is proportional to 
the activity of the parent at any fixed time in 
that interval. In this case the xenon activity 
after growth for six hours was determined from 
the growth curves, and plotted as ordinate 
against the time (end of growth interval) as 
abscissa. The resulting curve, given in Fig. 4, isa 
decay curve for the iodines which decay to active 
xenons. It is seen that there is a major component 
of about 7-hour half-life, also that a longer 
lived component is present. Because of the very 
weak activity of the long-lived component, we 
were unable to follow its decay. However, we 
infer it to be the 22-hour iodine for the following 
reasons. The half-life is greater than 7 hours, and 
since the only such iodine activities occurring in 
appreciable yield are the 22-hour and 8-day 
iodines, we may conclude that the long-lived 
component is one of these. By comparing the 
data plotted in Figs. 3 and 4 the expected activity 
after the last 6-hour growth interval in Fig. 4 was 
calculated for each of the two cases. On the first 
assumption the expected activity was 2.5 counts 
per minute, on the second, 30 counts per minute. 
The measured activity was 2.0 counts per minute. 
We may therefore conclude that the 22-hour 
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iodine is the parent of the 4.3-day xenon. 
Subtraction of a 22-hour curve drawn through 
the last point in Fig. 4 gave the difference curve 
in the figure, showing a pure exponential decay 
over a range of 1500-fold in the activity, with a 
half-life of 6.6+0.3 hours. When a second iodine 
extraction was made from the uranium, 2.5 hours 
after the first extraction, the emanating sample 
prepared from the second extract gave only a 
weak activity, due to the growth of the 4.3-day 
xenon from the 22-hour iodine. This agrees with 
the observation that the 6.6-hour iodine does 
not continue to grow in the uranium for any 
appreciable time after irradiation. We therefore 
conclude that the 9.5-hour xenon is produced by 
the decay of an iodine of 6.6-hour half-life. 


V. Discussion 


In our previous experiments’ on the active 
iodines from the uranium fission we were unable 
to follow the activity for more than about 50 
hours because the counters used had relatively 
high backgrounds. Examination of the total 
decay curve in Fig. 1 shows that the complex of 
the longer lived components of the total activity 
closely simulates a 12-hour slope over this range 
of time. This effect explains the inconsistency of 
our preliminary report. The report of Hahn and 
Strassmann’ of 18.5 hours instead of 22 hours for 
the half-life of one of the iodines is also signifi- 
cantly low. Since their measurements were on 
iodine separated directly from the uranium, 
which therefore contained the 6.6-hour iodine, it 
seems clear that their result has the same 
interpretation. 
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Fic. 4. Decay curve of the iodines which decay to active 
xenons, as followed by the growth of xenon activity. 
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In view of the great complexity of the total 
iodine decay curve, the values of the half-lives as 
determined by its analysis in Figs. 1 and 2 are 
not advanced as precise determinations of these 
quantities. The principal significance of the curve 
analyses in these figures is first, the agreement 
with the half-lives obtained by Abelson in his 
thorough study of the active iodines resulting 
from the decay of tellurium isotopes, and second, 
their demonstration of the presence of the 6.6- 
hour iodine formed either as a direct fission 
product, or as the daughter of a very short-lived 
tellurium. 

The half-lives of the active xenons and their 
iodine parents herein reported do not correspond 
to those of any iodine or xenon isotopes of known 
mass (e.g. as determined by cross bombardments) 
so that we are unable at present to as#gn mass 
numbers to these substances. Since no cesium 
activity was found to grow from ejther of the 
xenons, the mass number of one of them may be 
that of stable cesium, 133; however, a very long- 
lived cesium would have gone undetected, and 
one of extremely short half-life would probably 
also have been unobserved. The known isotopes 
of iodine and xenon*® from mass number 126 to 
131 are stable or have half-lives different from 
those in question, so that we tentatively assign a 
mass number > 131 to these active substances. 


VI. EXPERIMENTAL DETAILS 


Solutions of uranyl chloride, of approximately 
1 liter volume, and containing 1-2 moles of 
uranium, were bombarded with neutrons from 
the D-D apparatus in this laboratory. Total 
beam currents were 0.5—-1.0 ma, at 250 kv; a 
heavy ice target was used. The brass can con- 
taining the ice target was covered with a thin 
film of paraffin and immersed in the uranium 
solution during bombardment. The solution was 
surrounded externally with several inches of 
paraffin. . 

For the separation of active iodines, about 15 
mg of iodine in aqueous solution were added to 
the uranium and extracted by shaking with 
carbon tetrachloride, or carbon disulfide. The 
extracts were washed with three successive 
portions of water, in order to remove water- 
soluble contamination, and the iodine was re- 
duced by shaking with water containing sodium 
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bisulfite. To this aqueous solution was added 
sodium bromide, and sulfuric acid; the iodine 
was then quantitatively separated from bromine 
by oxidation with sodium nitrite, followed by 
extraction in carbon tetrachloride. The extracts 
were washed with water, the bisulfite reduction 
repeated, and the iodide precipitated with silye, 
nitrate in the presence of nitric acid. The precipj. 
tate was collected on a 1-inch filter paper in g 
Hirsch funnel, washed with water, acetone 
sucked dry, and examined for activity. Blank 
runs made in the same way on unirradiated 
uranium gave zero activity in the iodide pre. 
cipitates. 

For separation of active xenons, the above 
procedure, up to the second bisulfite reduction, 
was performed, and an emanating sample of 
the active iodine was prepared as previously 
described. 

The iodide activities were measured with a 
ball-point counter, having a flat mica window, 1} 
inches in diameter, thickness, 2.9 mg/cm?. The 
filter papers were mounted flat on glass plates, 
which could be placed about } inch below the 
mica window in an exactly reproducible position, 
The counter was surrounded with about 2 inches 
of lead on all sides, and gave a background count 
of about 10 per minute. A high speed scale-of-8 
circuit of the type described by Lifschutz"™ was 
used with the counter. During long runs the 
background count was repeatedly determined, 
and the counter sensitivity was checked for 
constancy with a standard uranium source of 
beta-particles. The sensitivity remained con- 
stant, and the background count did not vary by 
more than about 1 count per minute. The 
activities were measured by noting the time 
interval for 2400-4800 counts. As a result of 
these precautions, we believe the activity meas- 
urements to be reliable down to very low counting 
rates. Inspection of the decay curves shows that 
no large erratic fluctuations occur down to 
activities of a few counts per minute. 

In measuring the xenon activities, it was not 
possible to observe all the above precautions, 
since the active material was inside the counters, 
and since the emanating sample assembly made 
lead shielding inconvenient. However, no signif- 


"H. Lifschutz, Rev. Sci. Inst. 10, 21 (1939). 
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cant erratic fluctuations seem to be present in the 
measurements. 
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An investigation of the variation of the ratio of the 
scattering cross section of neutrons by helium and hydrogen 
has been made. Neutrons were obtained from a d—d source 
partly surrounded by 3 cm of paraffin. The anomalously 
high cross section in helium at 1.0 Mev was found, and 
the helium-hydrogen cross-section ratio diminishes to 
about half this maximum value at 1.4 Mev. No other 


N an investigation of the a-particle spectrum 

obtained when Li’ is bombarded by deu- 
terons, Williams, Shepherd and Haxby' found 
that the continuous energy distribution had 
superposed on it a homogeneous group. The con- 
tinuous spectrum was supposed to arise from the 
reaction 3Li7+,D*—>2.He*+ on’, while the homo- 
geneous group was ascribed to the reaction 
Li?+,D*—,He'+2He*. From the range of this 
group, the mass of the He® formed in the reaction 
is calculated to be 5.0137, which would make it 
unstable against disintegration? into an a-par- 
ticle and a neutron by 0.84 Mev. 

One may expect the scattering of neutrons by 
helium to be extremely high when the energy of 
the neutron is sufficient to produce an inter- 
mediate He® nucleus in the state formed in the 
Li’ reaction; this should occur for a neutron 
energy of about one Mev, or five-fourths that of 
the energy of instability of He’. 

Staub and Stephens* have made a cloud- 

1J. H. Williams, W. G. Shepherd and R. O. Haxby, 
Phys. Rev. 52, 390 (1937). Confirmed by H. Staub and 
W. E. Stephens, Phys. Rev. 54, 236 (1938) and Phys. Rev. 
54, 237 (1938). 

* A stable state of He® has been reported by F. Joliot and 
I. Zlotowski, Comptes rendus 206, 1256 (1938), and J. de 


phys. et rad. 9, 393 (1938). 
*H. Staub and W. E. Stephens, Phys. Rev. 55, 131 (1939). 


maxima were observed. The d—d neutron spectrum was 
also investigated by helium recoils. The spectrum appears 
to be homogeneous; no evidence was found for a low 
energy group of neutrons with an intensity as great as 
1 percent of the main group. This indicates that He’ is not 
formed in an excited state. 


chamber investigation of this point by obtaining 
recoil tracks in helium and in ethane, using 
neutrons from the reaction ,Be®+ ,D?—,;B"®+ on’. 
It is known‘ that this reaction yields four neutron 
groups, of maximum neutron energies 4.5, 4.0, 
2.6, and 1.4 Mev at a bombarding energy of 
0.9 Mev. By reducing the bombarding energy to 
0.6 Mev, Staub and Stephens reduced the energy 
of the 1.4-Mev group to about 1.1 Mev at the 
point of maximum neutron intensity. This is 
very close to the neutron energy calculated to 
yield a resonance in the formation of He', and 
hence the ratio of the intensities of helium to 
proton recoils formed by this group might be 
expected to be large. This was found to be the 
case, and the ratio cue/om of the backward 
scattering cross section of helium to hydrogen 
rose to about 9.5 at this point. With the bom- 
barding energy increased to 0.88 Mev, the mean 
neutron energy of the group becomes 1.3 Mev, 
and the ratio of the cross sections at this point 
was observed to be about 6.5. At 2.3 Mev, their 
next measured point, the ratio dropped to its 
“normal” value of about 1.4, and remained 
nearly constant at this value up to about 6 Mev. 


*T. W. Bonner and G. Brubaker, Phys. Rev. 50, 308 
(1936). 
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Fic. 1. Top and side 
views of the neutron 
source, showing the 
distribution of paraffin 
about the target. The 
cloud chamber’ was 
placed about 15 cm to 
the right. 
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A neutron group of 0.5 Mev energy from 
6C?+,D*?—,;N"¥+ on’ showed a very sharp de- 
cline from the maximum at 1.1 Mev, cune/on 
having dropped to 0.4. Staub and Stephens 
point out that the shape of the curve is rather 
uncertain on either side of the maximum be- 
cause of the small number of measured points. 
It was the purpose of the present work to investi- 
gate the anomaly further and to obtain more 
points in the intervals out to 2.5 Mev. 


EXPERIMENT 


Using apparatus previously described,> we 
have made a cloud-chamber study of recoil 
protons and recoil helium nuclei produced by 
neutrons from the d—d reaction. A group of 
neutrons of mean energy 2.5 Mev results from 
this reaction, and in order that neutrons of all 
energies below the maximum might be obtained, 
the target was surrounded by about 3 cm of 
paraffin arranged as shown in Fig. 1. This is of 
sufficient thickness to scatter randomly about 
one-half the neutrons leaving the target. No 
paraffin was placed on two sides of the target, 
since it is desirable to have the source as small 
as possible. 

The target was heavy paraffin, which was 
bombarded with deuterons of about 140 kev 
energy. It was necessary to change the targets 
after about a thousand exposures to the ion beam, 
since the paraffin became coated with carbon. 
Three new targets were put in the aluminum cup 
at one time so that each target change did not 
require letting air into the system. The ion 
source was flashed for a fraction of a second at 
expansion of the cloud chamber, and instan- 


5T, W, Bonner, Phys. Rev. 52, 685 (1937). 
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taneous unresolved deuteron currents UP to 
about 400 microamperes were obtained. Approxi. 
mately 25,000 expansions were photographed jp 
this work. The tabulated track data were cor. 
rected for probability of observation in the 
cloud chamber, since the longer tracks have ag 
smaller probability of having their end-points jp 
the chamber than the shorter ones. The chamber 
was placed about 15 cm from the neutron source 
and at 90° to the bombarding beam. 

The energy distribution of the helium recojls 
obtained from twelve thousand stereoscopic pic. 
tures is shown in Fig. 2. The chamber was 
operated with water vapor and helium at about 
one atmosphere pressure. It is necessary to 
operate the chamber at a low pressure in order 
that the energy of the recoils produced may be 
more accurately resolved into small intervals. 
The stopping power of the gas was 0.32, calcy- 
lated from the known range of the neutrons 
from the d—d reaction and the energy-range 
relations of Holloway and Livingston.® The 
tracks were tabulated in 2-mm intervals, which 
corresponds to a-particle energy intervals of 
about 0.13 Mev, or neutron energy intervals of 
about 0.2 Mev. Tracks measured were in the 
forward direction (0-15°) and had a length in 
the chamber from 8 to 30 mm. The energy- 
number distribution shown in Fig. 2 was ob- 
tained by reducing the 2-mm range intervals of 
the recoil a-particles to the corresponding neu- 
tron energy intervals. 

The experiment described above was repeated 
with no change in conditions except that methane 
and alcohol were used in the cloud chamber. 
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Fic. 2. Number of helium recoils observed as a function of 
the neutron energy producing the recoils. 


* M. G. Holloway and M. S, Livingston, Phys. Rev. 54, 
31 (1938). 
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The stopping power of this mixture was found to 
be 1.03.7 About 3500 expansions were photo- 
graphed and 173 recoils in the forward direction 
were measured. This serves to determine the 
distribution of the neutrons quite well at energies 
up to about 2 Mev, but beyond this point the 
tracks are so long that the correction factor for 
probability of observation in the 13.5-cm cham- 
ber is quite large. In order to determine more 
accurately the neutron distribution above 2 
Mev, photographs were made when the cloud 
chamber was filled with about 80 percent ethane 
and 20 percent argon to a total expanded 
pressure of about 80 cm. Argon was added in 
order to lower the expansion ratio. The stopping 
power of the mixture was found to be 1.66, and 
273 recoils were measured on 1800 photographs. 

The proton recoils obtained in methane and 
in ethane were tabulated in energy intervals 
corresponding to the energy intervals of the 
helium recoils observed previously. The distribu- 
tion in methane agreed within a few percent with 
that obtained in ethane above one Mev when 
the curves were corrected to equal energy in- 
tervals. In the lowest energy interval (about 0.6 
Mev), only the methane data were used, since 
the recoils in ethane at this point were only 
about 6 mm long. In each of the next two 
intervals about twice as many tracks were 
observed in methane as in ethane, but this 
discrepancy might well arise from statistical 
error, since the number of tracks in this region is 
small. The two curves were therefore added 
together, and the results are shown in Fig. 3. 

In order to obtain the ratio of cross sections 
for helium and hydrogen at various energies, the 
number of recoils shown in a given interval of 
Fig. 2 were divided by the number of recoils in 
the corresponding interval in Fig. 3. As a 
measure of the absolute ratio, the value 1.4 at 
2.5 Mev had previously been determined by 
Staub and Stephens* by using an ionization 
chamber and amplifier, and also by photograph- 
ing recoils produced in a mixture of methane 
and helium in a cloud chamber. This value was 
used in our experiment as the correct ratio of 
the absolute scattering cross sections at 2.5 Mev, 


’ The range-energy relation given by M. S. Livingston 
and H, A, Bethe, Rev. Mod. Phys. 9, 268 (1938) was used. 
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and the results at the other energy intervals are 
shown in Fig. 4. 


CONCLUSIONS 


It will be observed from Fig. 4 that the 
maximum at one Mev is in agreement with 
that obtained by Staub and Stephens.’ Their 
result at this point, however, is accurate to a 
smaller probable error because of the large 
number of recoils observed. For thermal neu- 


250 


T T T tT | pn 


200 


T 





NUMBER OF PROTON RECOILS 
3 











os 10 us 20 25 30 
ENERGY IN MEV 


Fic. 3. Number-energy distribution of recoil protons 
produced in methane and in ethane. 


trons, Carroll and Dunning® have found oxe/on 
to be 0.05, but for neutron energies from zero to 
0.5 Mev the form of the curve is not established. 
This region would be extremely difficult to 
investigate by use of a cloud chamber, since the 
reduced chamber pressure necessary to obtain 
tracks of sufficient length to measure accurately 
would entail a large number of photographs. An 
electroscope study of carbon neutrons would 
probably be more satisfactory. 

Beyond 1.1 Mev the curve shows no indication 
of a maximum, falling to half the 1.0 Mev 
maximum at about 1.4 Mev. The points in the 
region are accurate to an estimated error of 
about 25 percent, while the accuracy is some- 
what better at higher energies where more 
recoils were observed. 

The absolute cross section for hydrogen at 
points below 2 Mev is not experimentally well 
known, but may be calculated from the Wigner 
formula.® According to this relation, the cross 
section below 2 Mev increases rapidly with 
~ *H. Carroll and J. R. Dunning, Phys. Rev. 54, 541 
(1938). 


*H. A. Bethe and R. F, Bacher, Rev. Mod. Phys. 8, 
117 (1936), 
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decreasing neutron energy, reaching one-half the 
thermal neutron value at about 100 kev. This 
relation must of course be known in order to 
calculate the absolute helium cross sections from 
Fig. 4 


THE d—d NEUTRON SPECTRUM 


Bonner’® has observed the neutrons from the 
d—d reaction by using a cloud chamber filled 
with methane. In addition to the recoils arising 
in the chamber from the 2.5-Mev neutrons from 
the reaction, a second group of low energy 
recoils, of about 75 the intensity of the 2.5-Mev 
group, was found. It was assumed that these 
were produced by low energy neutrons coming 
from the d—d reaction and that the He’ pro- 
duced simultaneously was left in an excited state 
of about 1.89 Mev. Attempts to find the y-ray 
of an intensity which might be expected when the 
He’* drops to the ground state were not suc- 
cessful." 

Baldinger, Huber and Staub” have made an 
ionization chamber analysis of the neutrons 
from this reaction. The ionization chamber. was 
filled with helium, and recoil a-particles were 
recorded by an oscillograph operated by a linear 
amplifier. They also found a group of low energy 
recoils at an energy of 1.1 Mev, in agreement 
with the energy of the group observed by 
Bonner. It appeared to have an intensity about 
equal to that of the high energy group, but in 
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Fic. 4. Ratio of the backward scattering cross section 
for neutrons by helium and by hydrogen as a function of 
the neutron energy. 


(1938) W. Bonner, Phys. Rev. 52, 685 (1937) and 53, 711 
1 A. J. Ruhlig, Phys. Rev. 54, 308 7 . Kallmann 
and E. Kuhn, faturwiss. 26, 106 (1938); S Kikuchi and 
H. Aoki, Proc. ng -Math. Soc. Japan 21, 20 (1939). 
2E. Baldinger, P. Huber and H. Staub, Helv. Phys. 
Acta 11, 245 (1938). 
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view of the anomalously high scattering Crogs 
section for neutrons of this energy in helium, 
the ratio of the number of helium recoils jn the 
low energy group with respect to the number of 
recoils in the high energy group is much larger 
than the true relative neutron intensities. Whey 
the proper corrections for relative scatterj 
cross section were applied,’ the neutron intensity 
of the low energy group was found to be 41 
percent of the main peak. This result appeareg 
to be in good agreement with the intensity ob. 
served by Bonner.!® 

A further study by the authors" of this loy 
energy group was made by observing the recoils 
produced in a chamber filled with hydrogen, 
where the recoils produced much longer tracks, 
It was found that the group was well defined, 
falling to zero on either side of 1.1 Mev, ang 
the intensity agreed with previous work. Ip 
further work, Bonner“ found that two groups 
were observed in both hydrogen and helium. 

Because of the anomalous cross section jp 
helium at the energy of the low intensity group, 
the effect of a continuous background of ip. 
elastically scattered neutrons would be observed 
as a group at this point. The existence of a low 
energy group of neutrons from the d—d reaction 
leads to theoretical difficulties in regard to 
excited He’, as Share and Schiff'* have empha- 
sized. Furthermore, if such an excited state 
exists in He’, one might reasonably expect a 
corresponding level in H*, but no evidence for 
this has been found.'’ 

In view of these facts, we have made further 
observations on the neutrons from the d-d 
reaction. A cloud chamber filled with helium and 
water vapor was operated at atmospheric pres- 
sure. The chamber is the rubber diaphragm type, 
has glass walls only } inch thick, and is of light 
construction. Velvet placed on a_ perforated 
plate above the diaphragm serves as a back 
ground for photographs. With the chamber 
placed at 90° to the 140-kev deuteron beam and 
15 cm from the target, 3200 expansions showed 
74 a-recoils within 15° of the forward direction. 


18 E. Hudspeth and H. Dunlap, Phys. Rev. 55, 587 (1939). 

4 T, W. Bonner, Nature 143, 681 (1939). 

6S. ge Phys. Rev. 53, 875 (1938). 

16 L. I. Schiff, Fee. Rev. 'S4, 92 (1938). 

uw F, E. Myers and L. M. Lan er, Phys. Rev. 54, 9 
(1938); E Hudspeth and T. W. Bonner, Phys. Rev. 4 
308 ( 1938). 
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Fic. 5. The d-d neutron spectrum as observed in helium 
at 90° to the bombarding beam. 

These were distributed as shown in Fig. 5. 
Fourteen recoils were below 1.5 Mev energy, 
which yields a neutron intensity in this region 
of less than 4 percent of the main group. This is 
higher than the background which might be 
expected with this apparatus, but it was found 
that the bombarding beam was striking the glass 
tube near the target. The beam intensity is 
sufficient to melt the paraffin target and make 
thin depositions on this glass tube, and it is 
believed that some of the neutrons tabulated in 
Fig. 5 came from there. This difficulty was over- 
come by adding a defining slit to the tube. 

The experiment of Baldinger, Huber and 
Staub” was then repeated by observing recoils 
produced in a helium-filled chamber placed at 
51° to the bombarding beam and using a bom- 
barding voltage of 130 kv; this duplicates the 
conditions under which they observed helium 
recoils by use of an ionization chamber. Four 
thousand expansions yielded the data shown in 
Fig. 6. Of a total of eighty recoils observed, only 
five have energy below 1.5 Mev. After correction 
for cross-sectional variation with neutron energy, 
it is found that this represents an intensity of 
neutrons in this region of less than 2 percent of 
the intensity of the main group. This can easily 
be accounted for as due to scattering of the high 
energy neutrons. 

It therefore appears that the low energy 
group of recoils which have been previously 
observed in helium must be attributed to the 
effect of the anomalous cross section on a 
neutron background produced by inelastic scat- 
tering. This assumption, however, would not 
explain the two groups which have been observed 
in cloud chambers filled with methane! and 
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Fic. 6. The d-d neutron spectrum as observed in helium 
at 51°, under conditions identical with previous work by 
Baldinger, Huber and Staub. 
hydrogen." In this connection it is interesting to 
note that the low energy recoils are of the range 
one would expect from a deuteron produced by 
proton capture of a 2.5-Mev neutron. The cross 
section for such a capture at this energy is, 
however, on present theoretical grounds, ex- 
tremely small, being of the order of 10-** cm?, 
or about 10~ the cross section for scattering. 
Recoils produced by capture would always pro- 
ceed in the forward direction with respect to 
the impinging neutron, while only 1/33 of the 
recoils produced by scattering are in the forward 
direction (0—-10°). Hence the ratio of capture to 
scattering in the forward direction becomes 
about 3.3X10-, a theoretical value still too 
small to account for the relative intensity of the 
two recoil groups which have been observed. 
Such a capture would of course also give rise 
to a y-ray, with an energy of approximately 
3.5 Mev. 

It is now planned to study the neutron recoils 
from the d—d reaction by use of a cloud chamber 
filled with deuterium and compare the results 
with those obtained under identical conditions 
with a hydrogen-filled chamber. Such results 
should show whether neutron capture by protons 
is an appreciable factor with respect to neutron- 
proton scattering at 2.5 Mev. 
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Transmission measurements of the neutrons absorbed by cadmium (C neutrons) are de- 
scribed which show that the total cross sections for various elements are dependent to a marked 
degree upon the physical and chemical state of these elements. This is shown by (1), the 
transparency of single crystals as compared with the same material in a polycrystalline form, 
and (2), the nonadditivity of the cross sections for chemical compounds and alloys. The 
de Broglie wave-length of the C neutrons is such that the above effects can be interpreted in 
terms of interference. The nature of the results is well illustrated by the SiO. measurements. 
The cross section for the molecule computed from measurements on the component elements 
is 10.5. The cross section for the molecule in sand is 8.8+1; in fused quartz 8.1+1; and in 
single crystals of quartz 4.3+0.6, all in units of 10~** cm?. 





E! have studied experimentally the modi- 
fications in the slow neutron interaction 
which result from changes in the physical and 
chemical state of the materials with which the 
neutrons are interacting. The wave-lengths of the 
neutrons used are of the right order of magnitude 
for these modifications to arise from interference 
effects in the coherently scattered portion of the 
neutron beam.‘ 

Several theoretical‘~’ discussions of the inter- 
ference of slow neutrons have been given. It has 
been pointed out*® that in the case of the 
scattering of neutrons there may be important 
modifications resulting from relative phase shift 
differences when more than one type of nucleus 
is present. The amplitude and phase shift will in 
general be different for each nucleus and for 
each isotope and possibly depend on the spin 
orientation of the nucleus. It should be pointed 
out that the phase shifts which occur for slow 


* Publication assisted by the Ernest Kempton Adams 
Fund for Physical Research of Columbia University. 

— Beyer and Dunning, Phys. Rev. 54, 771 
(1938). 
( 3 —y D. Whitaker and H. G. Beyer, Phys. Rev. 55, 1124 
1939). 

3 Fy D. Whitaker and H. G. Beyer, Phys. Rev. 55, 1101 
(1939). 

‘Halpern, Hamermesh and Johnson, Phys. Rev. 55, 
1125 (1939). 

5G. C. Wick, Physik. Zeits. 38, 403 (1937); 38, 689 
(1937). 

*Q. Halpern and M. H. Johnson, Phys. Rev. 55, 898 
(1939). 

7I. Pomerantschuk, Physik. Zeits. Sowjetunion 13, 65 
(1938). 


neutrons are close to Nx where N is an integer, 
This is necessary as the cross section for the 
scattering of slow neutrons is small compared 
with \*. The existence of Bragg reflection at the 
Bragg angle from a crystal composed of two 
nuclei, with comparable scattering cross sections, 
would show that the phase shifts in the scattered 
waves from the two nuclei are of the same class, 
i.e., NV is even or odd for both of them. By such 
experiments scattering nuclei may be put into 
two classes one having even values and one 
having odd values of N. 

Preiswerk and Von Halban® have attempted to 
observe the diffraction of slow neutrons. Their 
experiment consisted of a comparison of the 
angular distribution of 90°K and 300°K neutrons 
scattered from a cylinder of iron. They con- 
sidered the observed change in angular distribu- 
tion to be in qualitative agreement with that 
expected from calculations of Elsasser® who 
used the Laue criteria for x-ray scattering. 
Quantitative interpretation was impossible since 
the percentage of the neutrons which was 
scattered elastically was unknown. Shortly after- 
wards Mitchell and Powers” observed the Bragg 
reflection of neutrons from MgO single crystals 
and established conclusively the diffraction of 


8 P. Preiswerk and H. von Halban, Comptes rendus 203, 
73 (1938). 

*W. M. Elsasser, Comptes rendus 202, 1029 (1936). 

10D. P. Mitchell and P. N. Powers, Phys. Rev. 50, 
486 (1936). 
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slow neutrons. A later experiment by Preiswerk™ 
on Al crystals was consistent with the work of 
Mitchell and Powers. 

In this paper we are reporting measurements 
of C neutron interactions as measured by total 
cross sections. This method as contrasted with 
the methods employed previously yields quanti- 
tative results. Our measurements are divided into 
three parts: (1) Measurement of the cross section 
of the same element in different crystalline states. 
(2) Measurement of the cross section of alloys. 
(3) Measurement of the cross section of chemical 


compounds. 


EXPERIMENTAL ARRANGEMENT AND PROCEDURE 


A. Neutron beam and detecting apparatus 


The neutron sources used in this work were 
radon-beryllium bulbs initially containing about 
600 millicuries of radon. These source bulbs were 
placed in a paraffin “howitzer” the details of 
which are shown in Fig. 1. The use of such 
howitzers for the production of collimated neu- 
tron beams has been described in detail by 
Fink.” From the howitzer opening, the neutrons 
passed down a rectangular channel 8 cm X8 cm, 
the walls of which were filled with B,C to a 
thickness of about 1 cm as shown in the diagram. 
This channel was lined with cadmium and was 
divided into 4 rectangular tubes 4X4 cm by 
cadmium. It was possible to use only one of 
these tubes in cases where only small samples 
were available. This arrangement assured us 
that any C neutron emerging from one of 
these tubes has passed down the tube without 
striking the wall since cadmium has such a 


large capture cross section for these neutrons. 


uP. Preiswerk, Helv. Phys. Acta 10, 400 (1937). 
®G. A. Fink, Phys. Rev. 50, 738 (1936). 
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Fic. 1. Collimation and 
shielding for producing ther- 
mal neutron beam. 


d TO AMPLIFIER 


There was an opening at the center of this 
collimating system in which the samples were 
placed. Since the distance from the source to 
the central opening in the beam was 40 cm, 
the neutrons striking the scatterer when it was 
placed in the middle position were well col- 
limated. The collimating tube between the 
scatterer and the detector assured that any 
neutrons scattered through angles greater than 
four degrees would fail to reach the detector. 
It was necessary to modify the neutron beam in 
order to use the small single crystals of Ni, 
Ni-Fe, Fe, and SiOz. This was done by putting 
a diaphragm of B,C and Cd in the beam in such 
a way that each sample would just cover the 
opening in the diaphragm. 

The detectors were ionization chambers either 
lined with boron carbide or filled with boron 
trifluoride. These chambers were used with a 
linear amplifier and a scale-of-two counter. 


B. Preparation of samples 


Where possible the samples used were of such 
a size that they covered the entire 8X8-cm 
neutron beam and were of such a thickness that 
30 percent to 40 percent of the slow neutrons 
traversing them were removed from the detected 
beam. With samples of this thickness double 
scattering was small. The chemical compounds 
and other materials which were in powdered 
form were placed in sample containers made of 
copper sheet 0.020 cm thick which were sealed 
gas tight. Experimental corrections were made 
for the copper sheet in these cases. 

Materials of carefully determined purity were 
used. Reagent grade chemicals were procured and 
in most cases these were re-analyzed. Water was 
an “impurity” which had to be controlled very 
carefully. The very high cross section for C 
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neutrons and low atomic weight of H,O made it 
necessary to use carefully dried samples, since in 
most of the work we were interested in differences 
between measurements on two or more samples. 
In some cases a water content of 75 of one 
percent by weight in one of these samples would 
have contributed more to the apparent cross 
section of the material than the difference being 
measured. 

We are much indebted to Mr. Gabor Levy for 
developing a drying technique which proved to 
be highly satisfactory. The essential details of 
the drying apparatus are shown in Fig. 2. The 
apparatus consists of a large glass tube A which 
holds the material. This tube is of Pyrex glass 
of 5 cm diameter and is 55 cm long. A ground 
joint allows access to the tube through a full 
diameter opening. This tube is heated by a 
water bath whose temperature is controlled 
electrically. The large tube is connected to a 
Hyvac pump and a large bottle containing 
P.O;, through either a glass tube B or a detector 
tube C. These two tubes are interchangeable. 

The usual procedure was to place the material 
in the large tube A and close the apparatus 
using the tube B to connect it to the pump and 
P.O; bottle. The apparatus was evacuated and 
the large tube heated to 70° or 80°C. The appa- 
ratus was pumped continuously and maintained 
at the above temperature until there was no 
longer any visible moisture on the colder parts 
of the system. After the distillation ceased to be 
visible the tube B was replaced by the absorber 
tube C. This is a tube for the quantitative absorp- 
tion of water as used in the microanalytical 
methods of Pregl. It is filled with ‘‘anhydrone”’ 
(Mg ClO,) which is a quantitative absorber of 
water. During the last stages of a drying opera- 
tion this tube was placed in position for 15 
minutes periodically and a graph made of water 
absorbed in 15 minutes as a function of time. 
It was found in ali cases that the water absorbed 
by the anhydrone tube approached zero and the 
drying operation was considered complete when 
the increase in weight of the tube was no longer 
measurable. The sample material was usually 
left in the dryer for 1 to 3 days. 

To test the drying efficiency of the apparatus 
the following experiment was performed. Some 
very fine powdered SiO, (sand) was heated to 
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Fic. 2. Drying apparatus. 


600°C and was found to lose about 1 percent jn 
weight. Continued heating at 600°C resulted ip 
no further loss in weight so it was considered to 
be dry. Distilled water was added to this dry 
material until it was 30 percent water by weight. 
This sample was placed in the apparatus and 
its loss of weight was followed. At the end of 3 
hours about 2 percent of the water remained in 
the material while at the end of 6 hours about 
0.1 percent remained. Further tests showed that 
the anhydrone tube absorbs all the moisture 
removed from the sample if it is placed in the 
system after visible evidences of evaporation 
have disappeared. 

The chemical compounds used were usually 
found to contain from a fraction of 1 percent up 
to 2 percent moisture before drying. It is believed 
that this drying technique removed moisture, 
other than water of crystallization, until less 
than 0.01 percent by weight remained. This 
method has been used to dry materials satis- 
factorily which give up or take on oxygen at 
temperatures less than 100°C. 


C. Cycle of operation 

All the data on crystals, alloys, compounds, 
and elements were taken in the form of cycles 
containing four observations. These observations 
were: (1) The number of disintegrations, Nj, 
produced in the boron ionization chamber in 20 
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minutes by the neutrons traversing the collimat- 
ing tubes and passing through no material. 
(2) The number of disintegrations, Ne, produced 
in the same time interval with 0.8 g/cm? of 
cadmium in the beam. (3) The number of counts, 
N;, produced with the scattering material in the 
beam. (4) The number of counts, N4, produced 
with both scattering material and cadmium in 
the beam. 

The ratio, Ns-N4/Ni—Nz is called the trans- 
mission, P, of the material. The cross section 
was calculated from the transmission from the 
formula P=e~°’* where o@ is the cross section 
(total), V the number of nuclei per cm*, and X 
the thickness in cm. In cases where we were 
interested in comparing the transmission of two 
given materials, the two were used in the same 
cycle, the cycle being extended to 6 observations 
to include transmission of the added sample both 
with and without Cd. The apparatus counted 
from 100 to 500. neutrons per minute with no 
scattering material in place. The number of 
counts per minute varied linearly with the 
strength of the source, indicating that the scale- 
of-two counter was not failing to resolve an 
appreciable number of pulses at the higher 
counting rates. As an added precaution, however, 
the scattering samples were made to have about 
the same transmission and were used with both 
strong and weak sources and the results com- 
pared. Any correction for neutrons which were 
scattered by the material under observation and 
were still detected contributed less than 1 percent 
to the computed value of the measured cross 
sections. 


RESULTS 


A. Measurements of cross sections of the same 
elements or compounds in different crystal 
states 


Measurements were made on quartz, iron, and 
nickel, in both the polycrystalline and single 


TaBLE I. Cross sections of elements and compounds in 
different crystal states X 10% cm=. 








AMORPHOUS POLYCRYSTALLINE SINGLE CRYSTAL G/CM? 





Fe 12.0+0.2 7041.0 1.6 
' 6.1+1.0 88 
Ni 19.8405 4141.2 44 
SiO;  8.0+1.0 8.8+1.0 4,540.6 3.7 
(fused) (sand) 4.1406 1.3 
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crystal states. Where possible, measurements 
were made on two thicknesses of single crystal. 
The number of g/cm? is given where this is the 
case. In the case of quartz, measurements were 
also made to determine the cross section of the 
SiO, molecule in the fused state. For this last 
measurement fused quartz cylinders from a 
Fabry-Perot interferometer were used. The iron 
used was not in the form of a single crystal but 
was composed of several large crystals which 
extended from one face to the other so that each 
part of the neutron beam traversed a single 
crystal. The results are given in Table I below 
in the form of cross sections for individual atoms 
or molecules for each crystalline state. 


B. Measurements of cross sections of alloys 


In Table II are given similar results of meas- 
urements on the cross sections of alloys. The 
Permalloy samples were the usual iron-nickel 
alloys which are heat treated to enhance their 
initial permeabilities. Here the measurements on 
single crystals and on polycrystalline material 
were not made on alloys of exactly the same 
composition, as is indicated. Measurements were 
also made on a sample of copper zinc alloy of 40 
atomic percent copper but there was no notice- 


TABLE II. Cross sections of alloys 10™ cm. 








ADDITIVE* POLYCRYSTALLINE SINGLE CRYSTAL 





Permalloy (78) 18.2 12.5+0.7 
Permalloy (73) 17.8 10.2+1.3 
Permalloy (68) 17.4 10.2+1.3 
Permalloy (45) 15.6 16.0+0.8 








* Additive value computed from cross sections of polycrystalline iron 
and nickel. 


TABLE III. Cross sections of compounds X 10% cm. 











MEASURED ADDITIVE 
CoMPOUND Cross SECTION Cross SECTION 
MnO 19.9 17.2 
MnS 19.1 15.1 
MnO, 25.2 21.3 
MnSO, 33.6 31.5 
Fe,0; 39.2 36.3 
CuO 16.2 14.6 
CuS 16.5 12.5 
Cu,0 29.5 25.1 
Cu.S 27.7 23.0 
ZnO 7.7 8.6 
ZnS 9.7 6.5 
NiO 22.3 23.9 
HDO (See text) 54 54.5 
D,O 16 —_ 
























able deviation from the result to be expected 
from the copper and zinc content. 


C. Measurements on compounds and ele- 
ments 

In Table III is given a list of the cross sections 
per molecule of certain chemical compounds 
which have been measured. The last column of 
this table gives the sum of the atomic cross 
sections of the constituent elements. These values 
are taken from Table IV. The ‘‘compound” 
listed as HDO was obtained by mixing equal 
parts of H,O and D.O. The subsequent measure- 
ments of Kimura™ on physical and chemical 
mixtures of Hg and S, are in good qualitative 
agreement with our results. 

In most cases about 105 neutrons were counted 
in determining each cross section. The above 
values should represent the actual cross section 
to within +3 percent. 

In studying the effect of crystalline and 
chemical form on the cross section of various 
alloys and compounds it was necessary to 
measure the total cross sections of the elements 
involved in some well-known form under the 
same conditions. In Table IV is given a list of 
the cross sections of each of the elements 
occurring in the crystals, alloys, and compounds 
mentioned above. 


DISCUSSION OF RESULTS 


The properties of C neutrons have been in- 
vestigated by various methods. The velocity 
distribution of the C neutrons has been measured 
directly with a cadmium velocity selector.“ 
From these measurements it was concluded that 
most of the C neutrons have energies corre- 
sponding to thermal velocities with a most 
probable velocity at 300°K near the value 
v=(2KT/M)}'. This implies about 1.7 angstrom 
units as the most probable wave-length for the 
distribution. The albedo measurements of Amaldi 
and Fermi! showed that C neutrons can trav- 
erse many free paths in a hydrogenous material 
while belonging to that group thus indicating 
that the cadmium absorption band includes 
neutrons of thermal energy. 


18 M. Kimura, Proc. Imp. Acad., Tokyo 15, 214 (1939). 
4 Dunning, Pegram, Fink, Mitchell and Segré, Phys. 
Rev. 48, 704 (1935). 
1% E, Amaldi and E, Fermi, Phys. Rev. 50, 899 (1936). 
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TABLE IV. Cross sections of elements X 10* cm-. 











ELEMENT ForM an ke. 
Cc (Graphite) 4.87+0. 
Cu Rolled-plate 10.5 = 
Fe Armco 12.0 +0.2 
Mn Metailic grains 13.1 +0.6 
Ni Rolled sheet 19.8 +0.5 
Oo Gas! 4.1 
S Powder 2.0 +0.6 
Zn Metallic grains 4.5 +0.5 











1H. Carroll and J. R. Dunning, Phys. Rev. 54, 541 (1938). 


In the case of single crystals only small bands 
of the neutron spectrum can satisfy conditions 
analogous to the Laue conditions for x-rays, so 
that for the distribution as a whole we should 
expect the single crystals to be quite trans. 
parent. In polycrystalline material on the other 
hand various orientations of the crystallites 
make it possible for the spectrum as a whole to 
be scattered. 

From Table I we see that in every case single 
crystals of a given material are much more 
transparent than the same material in a poly- 
crystalline form. Our results showed no marked 
dependence upon the thickness so that we may 
conclude that only a small part of the spectrum 
is scattered selectively by a single crystal 
orientation. 

In the case of Fe, Ni, and SiO: measurements, 
the only variable was the size of the crystallites, 
and therefore the effects observed must be 
attributed to change in. crystallite size. The re- 
sults for the Fe-Ni alloys are complicated by 
the fact that the same conditions which favor 
single crystal formation may increase the order 
in the alloy. 

Had these experiments been performed with 
monochromatic neutrons of various wave-lengths 
the crystals would probably have shown an 
even greater transparency for the various wave- 
lengths, provided they are not too short, with 
the exception of a few selectively scattered 
bands. For the distribution actually used some 
of the C neutrons are scattered because their 
wave-length is so short that they do not produce 
these interference effects. 

The results on alloys are more complicated, 
since here a change of transmission of 2 metals 
when mixed together in an alloy may result 
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4 Nix, Beyer and Dunning, Phys. Rev. 57, 566 (1940). 
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because: (1) A change in the crystal lattice and 
crystalline grain size occurs, or (2) Each con- 
stituent element may now have unlike neighbors 
depending on the state of order, if any, of the 
crystallites. 

If the transmission increase in Permalloy 78 
results from (2), the sensitivity of the neutron 
transmission to order in the alloy may have 
resulted from large phase shift differences be- 
tween waves scattered by Fe and Ni. Subsequent 
experiments’® show that the transmission de- 
pends on the order in the alloy. In these experi- 
ments two samples were prepared by appropriate 
heat treatment so that (1) is the same for both 
the samples while (2) is different for the two 
samples. 

The results on alloys indicate that the re- 
sultant effects in chemical compounds are not 
necessarily of a chemical nature, as in all chemical 
changes in the solid state there is an attendant 
change in crystalline state. 

The results on compounds are the most difficult 
to interpret because one compares the cross 
sections of compounds in polycrystalline states 
with the cross sections of the elements which 
compose them. The constituent elements some- 
times were polycrystalline, liquid, or even 
gaseous. Here the effect may be physical or 
chemical, and is complicated by the possibility 
of large phase changes in the scattered wave from 
the different constituent nuclei. 

If the results on Ni—Fe 78 are interpreted as 
evidence for large phase shift differences between 
the waves scattered by the Ni and Fe nucleus, 
one should expect either FesO; or NiO to be 
more transparent than a physical mixture of the 
pure elements and this was observed to be true 
for NiO. This is based on the assumption that 
phase shift differences close to are in general 
more effective in modifying interference phe- 
nomena, than changes in spacing. 
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It is interesting that the measurements on a 
50 percent D,O and 50 percent H:O mixture 
showed no deviation from additivity. 

Our experiments show that general interference 
phenomena will complicate the interpretation of 
any change in scattering which results from a 
change in the molecular composition of the 
material. The scattering of neutrons from mag- 
netic materials is a rather interesting case of 
the above.! 

In general, results from C neutrons are difficult 
to evaluate. Such phenomena as the change of 
scattering cross section of a given material 
between the C group and groups of higher energy 
may be attributed to interference effects rather 
than a change in the nuclear cross section with 
change in energy of the neutron. Any deductions 
from C neutron measurements which depend 
upon the assumption of spherically symmetric 
distribution of the scattered neutrons will not be 
rigorously valid. 

Measurements using neutrons having energies 
well above that of the C neutrons should be 
free from these interference effects.'”: !8 If this can 
be checked by experiments similar to our meas- 
urements, cross sections measured with these 
neutrons, in contrast with C neutrons, can be 
interpreted as the cross section per isolated atom, 
at least in the case of heavy elements. 

We take pleasure in acknowledging the 
courtesy of Dr. R. M. Bozorth, Mr. P. P. Cioffi, 
and Mr. O. L. Boothby of the Bell Telephone 
Laboratories who have furnished the single 
crystals of Ni and Ni-Fe alloys which were used. 
We wish to thank Dean G. B. Pegram and 
Professor J. R. Dunning for their cooperation 
and encouragement during the progress of the 
work. 


17H. B. Hanstein and J. R. Dunning, Phys. Rev. 57, 
565 (1940). 

18M. D. Whitaker, W. C. Bright and E. J. Murphy, 
Phys. Rev. 57, 551 (1940). 
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The Radioactive Isotopes of Indium 


J. L. Lawson Ano J. M. Cork 
University of Michigan, Ann Arbor, Michigan 
(Received March 28, 1940) 


It is shown that radioactive isotopes of indium may be 
formed possessing ten distinct half-lives ranging from 13 
seconds to 50 days. By producing the various isotopes 
with different methods of excitation and measuring the 
energies of the beta- and gamma-radiations emitted by 
each, it now becomes possible to assign with reasonable 
certainty each radioactivity to an isotope of a particular 
mass number. Energy level diagrams can be constructed 
for certain of the excited nuclei. Increased resolution of 
the magnetic beta-ray spectrometer now makes it possible 
to identify positively the element in which internally 
converted gamma-rays are emitted. This is accomplished 
by observing the differences in the K-, L- and M-conversion 
electron energies and comparing with known binding 
energies obtained from x-ray analysis. The total conversion 


coefficients are observed in several cases, and the ratios 
of K- to L-conversion coefficients for individual gamma-rays 
are used to compute the probable energy level spin values on 
the basis of present theory. A radioactivity of 50-day half. 
life assigned to In™* is shown to consist of a gamma-ray 
emission followed by a beta-ray of half-life 72 seconds and 
energy 1.98 Mev. It thus becomes possible to observe the 
form of this beta-spectrum in the magnetic spectrometer, 
and since it is an allowed transition it is significant to 
compare it with the present theory of beta-decay which 
has been developed only for transitions of this type and 
until now always tested by measurements on forbidden 
spectra. Within the probable errors the experimental 
results conform with the theoretical predictions of the 
Fermi theory. 





INTRODUCTION 


HE element indium has proven to be 

especially interesting in regard to its 
radioactive properties. Although there are only 
two stable isotopes of mass numbers 113 (4.5 
percent) and 115 (95.5 percent) there now appear 
to be radioactive isotopes having ten distinct 
half-lives. This investigation is a continuation 
of the work previously reported.! New informa- 
tion has been obtained regarding the beta- and 
gamma-ray energies associated with the decay 
of each radioactivity, as well as the yield of each 
when different modes of excitation are employed, 
and it now appears reasonably certain that every 
radioactivity can be correctly assigned to a 
particular indium isotope. 

In Table I are shown the percentages of the 
stable isotopes in indium and the neighboring 
elements. In Table II are listed collectively the 
half-lives and radiations of the various radio- 
activities observed, as well as the reactions by 
which they have been produced and the probable 
isotope responsible for each activity. In order to 
arrive at this final assignment it is necessary in 
many cases to combine our own results with the 
findings of other investigators on the same 


1 J. M. Corkand J. L. Lawson, Phys. Rev. 56, 241 (1939). 


subject. It has therefore seemed preferable to 
treat each radioactivity separately, showing 
fully the reasons for the assignment. In certain 
cases it has been possible to construct energy 
level diagrams for the excited nuclei. 

In addition to the string electrometer and 
ionization chamber, Geiger-Miiller counter and 
cloud chamber, the magnetic beta-ray spec- 
trometer has proven to be an invaluable aid in 
solving this problem. Not only does it yield the 
forms and upper limits of the beta-spectra but 
very precisely gives the energies of internally 
converted gamma-rays. Moreover by observing 
the decay of electrons having a particular energy 
one can often obtain the value of a particular 
half-life entirely independent of other activities 
which may be present. 

Bombardments have been made in the cyclo- 
tron with deuterons up to 10 Mev and alpha- 
particles up to 20 Mev in energy. In order to 
obtain a slow neutron bombardment the sample 
is placed in a thick paraffin block and exposed 
to neutrons from a beryllium target bombarded 
with deuterons. For exposure to fast neutrons the 
sample is wrapped in cadmium and _ placed 
directly back of a lithium target bombarded with 
deuterons. This gives a beam of neutrons ranging 
beyond 20 Mev in energy. 
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13-second activity 


This is one of the activities first observed by 
Amaldi et al.’ in irradiating indium with slow 
neutrons. It is probably produced by several 
reactions, but unfortunately the half-life is so 
short that adequate chemical separation is 
usually impossible. So far it has not been ob- 
served in reactions involving deuterons and 
protons, since traces of oxygen, etc. cause very 
short-lived activities. The 13-second activity is 
obtained more strongly by bombarding indium 
with slow neutrons than with very energetic 
neutrons ;* hence it is assigned to In"*®. Gaerttner, 
Turin and Crane* have measured the electron 
spectrum with a cloud chamber, and reported a 
beta-ray with an upper energy limit of 3.2 
Mev. It was originally reported** that gamma- 
rays accompanied this beta-radiation. However, 
Mitchell and Langer‘ did not observe any gammia- 
radiation of 13 seconds half-life. Absorption 
measurements in‘aluminum taken with an elec- 
trometer are shown in Fig. 1. Each point on the 
curve was obtained with an individual sample of 
indium foil which had been irradiated in paraffin 
with beryllium neutrons for a bombardment 
time of 5 seconds. The strong background of the 
54-minute activity was subtracted for each ab- 
sorber thickness. It is apparent that the slight 
residual radiation able to penetrate more than 
0.5 cm of aluminum is only about 0.1 percent of 
the initial beta-activity, and is probably due to 
bremstrahlung accompanying the beta-absorp- 
tion. ‘‘Pure’’ beta-ray emitters such as P® show a 
similar penetrating radiation when measured 
with the same apparatus. 


54-minute activity 


This radioactivity, emitting both beta- and 
gamma-radiation, has been produced by several 
means: In (m,y), In (d,p)* and Cd (p,m).* The 
gamma-radiation was first reported by Mitchell 
and Langer® to be monochromatic and of energy 
1.4 Mev. Curtis and Richardson’ in observing 


*E. Amaldi et al., Proc. Roy. Soc. 149, 522 (1935). 

- L. Lawson and J. M. Cork, Phys. Rev. 52, 531 (1937). 

‘E. Gaerttner, J. J. Turin and H. R. Crane, Phys. Rev. 
49, 793 (1936). 

5A. C. G. Mitchell and L. M. Langer, Phys. Rev. 53, 
505 (1938). 

*S. W. Barnes, Phys. Rev. 55, 241 (1939). 
nese} R. Curtis and J. R. Richardson, Phys. Rev. 53, 942 
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Compton and photoelectrons in a cloud chamber 
reported five gamma-rays of energies 1.8, 1.3, 
1.0, 0.4 and 0.2 Mev with intensities 0.3, 1.0, 
1.0, 0.3 and 0.1, respectively. In this work it was 
also reported that more than one gamma- 


TABLE I. Shows the percentages of stable isotopes occurring 
in indium and its neighboring elements. 








Atomic WEIGHT 

ELEMENT 106 107 108 109 110 111 112 113 114 115 116 117 118 
aA 52.5 
Cd 1.5 





47.5 
1.0 15.2 15.2 21.8 14.9 23.7 15.9 
4 





Ll «OS O4 15.5 9.1 22.5 








TABLE II. Showing activities observed in indium, their radia- 
tions, formation reactions and probable responstble isotope. 






































Iso- 
ACTIVITY RADIATIONS REACTIONS TOPE 
13-sec. |8~ 3.2 Mev In (n,y) 116 
54-min. |8~ 0.8 Mev In (n,y) 116 
B- 1.2 Mev In (d,p) 
+ 0.2 Mev Cd (p,n) 
7 0.4 Mev 
7 1.0 Mev 
7 1.3 Mev 
7 1.8 Mev 
50-day | y 0.192 Mev In (d,p) 114 
B- 1.98 Mev Cd (d,n) 
(see 72 sec.) In (n,2n) 
In (n,y) 
Cd (p,n) 
72-sec. |8- 1.98 Mev In (n,2n) 114 
In (y,") 
Cd (p,n) 
K capt. 
65-hr. + 0.173 Mev Cd (d,n) 112 
+ 0.247 Mev Cd (p,n) 
In (n,2n) 
Ag (a,n 
117-min. |8~ 1.73 Mev Cd (d,n) 117 
(also grows from 
Cd"? by B>) 
105-min. | 7 0.393 Mev Cd (d,n) 113 
(also grows from 
Sn" by K capt.) 
4.5-hr. y 0.338 Mev Cd (p,7) 115 
Cd (d,n) 
(excitation of In by 
n, Y P, a) 
(grows from Cd"* by 8-) 
23-min. |8* 1.7 Mev Ag (a,2n) 111 
7 0.16 Mev Cd (d,n) 
Cd (p,m) 
66-min. |8* 2.0 Mev Ag (a,n) 110 
Cd (p,n) 
Cd (d,n) 
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quantum per beta-particle was emitted. The 
beta-rays have been measured in the cloud 
chamber by Gaerttner, Turin and Crane‘ to have 
an upper energy limit of 1.3 Mev. The magnetic 
beta-ray spectrometer however showed! an end- 
point of only 0.85 Mev with a probable error 
of perhaps 0.1 Mev. Langer, Mitchell and 
McDaniel® show an absorption curve in alu- 
minum which indicates a complex spectrum 
having components of 0.8 and 1.2 Mev. However, 
these authors point out that the upper energy 
group may be due to Compton electrons from high 
‘energy gamma-radiation. In this work the coin- 
cidences between beta- and gamma-rays were 
investigated, the results indicating about 2 
gamma-rays per beta-particle. 

The fact that the 54-minute activity is made 
by deuteron or slow neutron bombardment 
more strongly than by bombardment with very 
energetic neutrons is evidence for assigning it to 
In", This postulates isomerism of this activity 
with the 13-second activity. Both periods seem 
to be produced with the same relative intensities 
when activation by neutrons of various energies 
is effected.’ Both beta-transitions lie on the 
“allowed”’ Sargent curve,® and hence take place 


INTENSITY 


0.4 cm Al 





Fic. 1. Absorption in aluminum of the 13-second activity. 


8L. M. Langer, A. C. G. Mitchell and P. W. McDaniel, 
Phys. Rev. 56, 380 (1939). 
( ) 3) Feather and E. Bretscher, Proc. Roy. Soc. 165, 530 
1938). 
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between levels differing by 0 or 1 unit of angular 
momentum. It is at present rather difficult to 
propose a probable energy level diagram which 
includes the levels in Sn™* from which the gamma. 
ray transitions presumably take place. 


50-day activity 

This activity has been produced by In (d,p), 
Cd (d,n), In (m,2n),? In (n,y)® and by Cd (p,n)" 
reactions. Since it is produced by slow neutrons 
it must belong to an isotope of mass 114 or 116. 
When very energetic neutrons are used it js 
enhanced by a factor of 1000 with respect to the 
13-second activity, presumably due to an (n,2n) 
reaction. Therefore it can be assigned to [p™ 
with reasonable certainty. 

Barnes" found the spectrum of this activity 
to consist of K- and L-conversion electrons of 
nearly equal intensity arising from a gamma-ray 
of energy 0.19 Mev. Lawson and Cork,’ however, 
observed electrons in the cloud chamber up to 
an energy limit of 2.15 Mev. Both spectra 
actually exist. To prepare a very strong sample 
for use in the magnetic beta-ray spectrometer 
cadmium was bombarded with 10-Mev deuterons 
for 60 microampere hours in the cyclotron. The 
active indium was then precipitated on a filter 
paper as hydroxide using only one mg of indium 
as carrier. This was mounted in the magnetic 
spectrometer after one month and the spectrum 
shown in Fig. 2 obtained. The low energy con- 
version electrons are so intense that it is im- 
possible to draw them on the same scale as the 
continuous beta-ray spectrum, but they may 
be seen on the lowest curve in Fig. 5 and in 
Fig. 6. The beta-ray spectrum below the con- 
version electron energy is not drawn because it 
is distorted by the scattered and absorbed con- 
version electrons in the source itself. The beta- 
rays have an inspection upper end point of 1.98 
+0.03 Mev in rough agreement with the 
previous cloud-chamber measurements. Due to 
the long life of this activity a rather accurate 
spectrum was obtainable, although the number 
at the maximum on the continuous part was 
only 25 counts per minute above a background 
of about 4 counts per minute. In order to 
properly correct for slow fluctuations in the 


1 A.C. G. Mitchell, Phys. Rev. 53, 269 (1938). 
1S, W. Barnes, Phys. Rev. 56, 414 (1939). 
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Fic. 2. Electron spectrum of the 
50-day activity in indium. 


background rate a gate was swung into and out 
of the electron beam every 30 seconds. At the 
same time the pulses from the Geiger-Miiller 
counter were switched from one Cenco recorder 
to another. In this fashion the background 
readings On one meter were continuously re- 
corded along with the gross count on the other 
meter. To check the apparatus the source was 
removed, and over a 12-hour interval the two 
recorders agreed within statistics. They also 
agreed when the background was increased by 
external means to 30 times the normal value. In 
the course of these experiments the “‘normal”’ 
background of the counter was observed to vary 
as much as 10 percent. 


72-second activity 


This activity has been formed by In (n,2n), 
In (y,")*” and by Cd (p,m)" reactions. Since it 
is not observable by In (m,y) it was originally 
assigned® to In". However, in this location it 
should be formed by the reaction Ag (a,m) but 
King and Henderson" did not find such a radio- 
activity. Their results have been substantiated 
by experiments in this laboratory in which silver 
was bombarded by a 0.2-microampere beam of 
alpha-particles of energy 20 Mev. Therefore it is 
necessary to assign this activity to In™ as 
~ ®W. Bothe and W. Gentner, Naturwiss. 25, 284 (1937). 


¥L.D. P. King and W. J. Henderson, Phys. Rev. 57, 71 
(1940). 





UPPER LIMIT 
196 t 0.03 Mev 


He 
8000 


isomeric with the 50-day activity. To test this 
possibility the energy of the beta-particles was 
compared to that of the beta-radiation in the 
50-day activity. Because of the short life of the 
72-second activity it was necessary to make this 
comparison by absorption methods. Fig. 3 shows 
the absorption in aluminum of both activities, 
the solid points indicating the 50-day period and 
the open points(with vertical lines indicating the 
estimated errors) the 72-second period. It can 
be seen that after the initial absorption of the 
soft conversion electrons from the 50-day period 
the absorption of the beta-rays emitted from 
each activity is identical. One may now postulate 
an energy level diagram as shown in Fig. 4 for 
isotopes of mass 114. In this diagram it is obvious 
that the half-life of the gamma-ray transition 
must actually be 50 days, hence, must occur 
between levels differing by several units of 
angular momentum. This is necessary because it 
is the only way that the theoretical lifetime of 
the transition may be made long enough" unless 
the transition is one having a 0—0 spin change 
between states of different parity. Sachs'® has 
worked out some of the expected conditions for 
such transitions, and concludes that the electrons 
which are converted will not be monochromatic, 
but will be distributed over a large range in 


“M. H. Hebb and G. E. Uhlenbeck, Physica 5, 605 


(1938). 
% R. G. Sachs, Phys. Rev. 57, 194 (1940). 
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Fic. 3. Absorption in aluminum of the 50-day activity 
(solid points) and the 72-second activity (open points). 


energy. Also the absolute value of the conversion 
coefficient is much lower than is expected from 
the Weizsacker theory for equivalent lifetimes. 
Because the conversion electron lines are quite 
sharp (see Fig. 6), and the conversion coefficient 
is quite large (see below) it can be concluded 
that the two indium states between which the 
gamma-ray transition takes place differ by 
several units of angular momentum. 

The conversion coefficient for the gamma-ray 
can be obtained by counting the number of con- 
version electrons produced, and comparing this 
result with the number of electrons emitted in 
the subsequent beta-transition which is in 
equilibrium with the gamma-radiation. Two 
methods are possible: One involves the extra- 
polation of the absorption curve of the 50-day 
beta-rays to zero absorber thickness (see Fig. 3) 
to obtain a value which represents the number 
of beta-rays emitted. This number can be com- 
pared to the total number of beta-rays and con- 
version electrons represented by the extrapola- 
tion to zero thickness of the total intensity 
curve. The result obtained in this fashion is 
subject to extrapolation errors, and yields a 
value for the conversion coefficient of 100+30 
percent. This represents the total conversion 
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coefficient (ax+az,+-:-). The other more 
accurate method of evaluating the conversion 
coefficients is to integrate the beta-ray spectrum 
obtained on the magnetic spectrometer (Fig. 2) 
to obtain the number of beta-particles emitted, 
and compare this result with the integrated 
number of conversion electrons also obtained on 
the spectrometer. In this manner the total con. 
version coefficient of the 50-day half-life gamma. 
ray is found to be 105+15 percent. This result 


in"#(50 day) 
In'4(72 sec) 








4,5,6 
0 


7 0.19 Mev 






0 Sn'!4 


Fic. 4. Energy level scheme in In", 


is in agreement with the observation that very 
little external gamma-radiation is present (see 
Fig. 3). 

Hebb and Nelson have calculated" the con- 
version coefficients for the K and L shells for the 
nonrelativistic case. In this calculation the 
results show that the ratio of the K- to L-con- 
version coefficients, ax/az, is quite sensitive to 
the order of multipole radiation. This is of value 
because this ratio can be found experimentally, 
whereas the actual conversion coefficients them- 
selves are very difficult to obtain. These calcula- 
tions are probably good only in the very low 
energy regions but may be used at least to 
estimate the spin changes which take place. The 
experimental ratio ax/a, is 1.0+0.1 (see Table 
III). Hebb’s calculations predict ax/a , to be 
2.3 for spin changes of 3 units, and 1.4 for spin 
changes of 4 units. Therefore it is likely that for 
this gamma-ray transition a spin change of 4 or 


16 The authors are indebted to Mr. M. H. Hebb and Mr. 
E. Nelson for the availability of these calculations before 
their final publication. 
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§ units occurs, which also is necessary to explain 
its long lifetime. 

Since the 72-second beta-transition of energy 
1.98 Mev lies on the ‘“‘allowed’’ Sargent curve 
and therefore represents an angular momentum 
change of 0 or 1 unit, one may assign probable 
spin values to the various levels. These are shown 
in small figures at the left of the levels in Fig. 4. 
Since In" probably has a spin of $ it is easy to 
see that in contrast to the production of the 
50-day level, the formation of the 72-second level 
might require energetic neutrons to effect the 
necessary momentum change, which is in line 
with experimental findings. 


_ 65-hour activity 


This activity was first discovered on the mag- 
netic beta-ray spectrometer! and was found to 
consist of two internally converted gamma-rays. 
These gamma-rays have been more carefully 
investigated, and some of the results are shown 
in Fig. 5. In order to obtain the intensities of the 
various electron groups the observed counting 
rate (through the spectrometer) is divided by H 
to obtain N.z,), due to the manner in which the 
momentum is selected in the magnetic semi- 
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circular focusing spectrometer.'? This is then 
integrated over Hp and the area obtained is 
proportional to the total number of electrons. 
But this integration over an electron group is 
proportional to A(Hp)N .#,) where A(/p) is the 
spread of selected momenta. But A(Hp) is pro- 
portional to H;'’ therefore the intensity is pro- 
portional to H- Nz,). In Fig. 5 therefore the or- 
dinates represented are proportional to H- N«x,) 
and the heights of the peaks thus represent the 
intensities of the various electron groups. The 
three curves shown were taken at intervals of 
about one week, and demonstrate the relatively 
rapid decay of certain of the peaks, finally 
leaving peaks for the K- and L-conversion elec- 
trons of the 50-day gamma-ray which has already 
been discussed. The ordinates of the two lower 
curves have been shifted in order to separate the 
drawings. The half-life of the decay of this 
activity agrees within allowable error with the 
value previously given as 65 hours.' 

In order to separate the conversion lines more 
completely and thus more surely identify the 
parent isotope, the resolution of the spectrometer 


17 J. L. Lawson and A. W. Tyler, Rev. Sci. Inst. 11, 6 
(1940). 


TABLE III. Shows experimental ratios of conversion coefficients for 5 gamma-rays in indium. The element in which the 
transition takes place is found from the difference in energy between the K- and L-conversion electrons observed in source A. 
The half-lives have been determined in the spectrometer and are therefore relatively free from other disturbing radioactivities 
which may be present. Source A—1 mm wide, 0.02 mg evaporated on 0.005-inch glass; Source B—1 mm wide, 0.1 mg filtered 
on 0.007-inch paper; Source C—3 mm wide, 0.2 mg filtered on 0.007-inch paper. 
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Source A Source B Source C ELEMENT (KEV) Ha.r-Lire 
OK -5.440.8 ok = 4.0+0.4 In 392.741 104+2 min. 
QL attam 
o*K 4840.6 O* =5.3+0.8 OK = 4.0+0.5 In 337.741 27242 min. 
aL aL ait+am 
Ok = 23410 
au 
o* 5940.5 O* =5.340.6 ok = $.0+1.0 Cd 246.741 
aL L att+am 
o* = 30+10 
ay 
“* =1.0+0.1 ox =0.9+0.1 In 191.741 50+4 day 
aL att+am . 
* =4:6+0.8 
=, 76.6:+0.6 Cd 172.8+1 
Ok = 35410 
a 
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was increased by a factor of about three. Fig. 6 


shows the results obtained with a very thin 


sample mounted on glass 0.005 inch thick, for 


the same momentum region as that indicated in 
Fig. 5. It can be seen that many peaks are now 
resolved which are readily ascribable to the 
various conversion lines from three gamma-rays. 
The energies of the gamma-rays are: 191.7+1 
kev (50-day), 172.8+1 kev (65-hour) and 246.7 
+1 kev (65-hour). The K-, L- and M-conversion 
lines from the 192-kev gamma-ray are labeled 
Kise, Lise, Mise and similarly for the other 
gamma-rays. The resolution is now so good that 
it is possible with certainty to tell the element in 
which the gamma-ray transition takes place, 
since this is revealed by the difference in energy 
between the K- and L-conversion electron lines. 
The results indicate that the 50-day gamma-ray 
occurs in indium, in agreement with the proposed 
level scheme just presented (Fig. 4). However, it 
appears that both 65-hour gamma-rays have 
K-—L—M differences characteristic of cadmium, 
which means that either K-electron capture or 
positron emission takes place before the observed 
gamma-rays are emitted. The half-life of 65 
hours is then to be associated with the K capture 
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Fic. 5. Conversion electron spectrum of 3 gamma-rays 
showing the decay of certain electrons with a half-life of 
65 hours. The lower curves taken approximately one and 
two weeks later than the top curve are shifted in ordinates 
in order to separate the drawings. 
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or positron emission process, and not to the 
observed internally converted gamma-rays. The 
observed ratios of K- to L-conversion coefficients 
ax/az (see Table III) indicate according to 
Hebb’s calculations probable spin changes of 1 
and 2 units, respectively, for the 173- and 247-key 
gamma-rays. It is not yet possible to tell whether 
transitions from both of the excited levels jn 
cadmium go directly to the ground state, or 
whether the transitions occur in cascade. 

Positrons are not found in the magnetic spec. 
trometer. It is possible to assign an upper limit 
to the probability of their occurrence. For posi- 
trons having an upper energy limit of 100 kev to 
1.5 Mev this has been found to be not greater 
than 0.005 times the number of conversion elec- 
trons observed. Therefore the ratio of the number 
of K-capture processes to the number of positron 
emission processes which occur is at least as high 
as 200 divided by the average conversion coef- 
ficient of the gamma-rays. Since the absolute . 
conversion coefficients are probably small due to 
the small spin changes which take place, the 
ratio of K quanta to positrons must be a very 
large number—perhaps 10*. 

An attempt was made to observe the K radi- 
ation of cadmium (which should be present fol- 
lowing the K-electron capture in indium) by 
critical absorption methods. The sample was 
placed a short distance from a Geiger-Miiller 
counter so that absorbing layers of various ma- 
terials could be interposed. The electrons emitted 
by the source were swept out of the counter by 
a magnetic field, and the absorption of the 
remaining radiation observed using foils of 
palladium, rhodium and ruthenium. The Ru foil 
was made by cementing together a very thin 
layer of Ru powder with collodion. The experi- 
mental absorption coefficients of the soft radi- 
ation for the three foils were 12, 11.5 and 50 g™. 
The theoretical values for indium K radiation 
are 11.0, 67 and 63 g™ and for cadmium K 
radiation are 13.0, 11.3 and 72 g~, respectively. 
The experimental findings therefore indicate the 
existence of cadmium K radiation. The low 
experimental value for the absorption in the 
ruthenium foil can be accounted for by the 
uneven quality of the foil itself. It should be 
pointed out that the presence of cadmium K 
radiation is not in itself definite proof of K 
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Fic. 6. Conversion electron spectrum over the same region as that in Fig. 5, but with increased resolution showing K-, L- 
and M-conversion electrons of 3 gamma-rays of energies 173 kev, 192 kev and 247 kev, respectively. 


capture, because the conversion of the two 
gamma-rays following the supposed K capture 
takes place in a cadmium atom. Cadmium K 
radiation would result from the filling of the 
empty K-conversion shells. However the high 
intensity of the observed K radiation, together 
with the absence of positrons suggests the 
probability of the K-capture process. 

The 65-hour activity can be produced by 
In (m,2n), Cd (d,n),) Cd (p,m)" and Ag (a,n) 
reactions. The existence of the last reaction was 
established by bombardment of a silver sample 
with 20-Mev alpha-particles for an exposure of 
2-microampere hours in the cyclotron. The 
In (n,2n) and Ag(a,m) reactions make the 
assignment of this activity to In" most reason- 
able. 
117-minute activity 

This beta-ray emitter was one of two indium 
activities observed to grow from radioactive 
cadmium. If the parent cadmium isotopes are 
not metastable forms of normally stable atoms 
then this activity must be assigned to one or the 
other of the two indium isotopes, 115 or 117. The 
choice is made by an observation upon the 
formation of the responsible cadmium parent. It 
was reported! that the 117-minute indium period 





grew from a cadmium parent of 3.7 hours half- 
life, which was placed at Cd’ due to the inten- 
sity of production by neutrons of various 
energies. The half-life of the parent substance 
was obtained by a careful analysis of the total 
decay curve of a cadmium specimen bombarded 
with deuterons which unfortunately contains 
other radioactivities. The use of the beta-ray 
spectrometer now allows a more accurate evalu- 
ation of the half-life of this parent cadmium 
isotope quite independent of any disturbance 
from the other activities that are always present ; 
namely, the 56-hour half-life beta-emitter and 
the 4.5-hour indium gamma-ray in equilibrium 
with it (to be discussed below) and short-lived 
position emitters. A sample of cadmium strongly 
activated by a deuteron bombardment was sub- 
jected to a chemical separation in order to remove 
all indium immediately after bombardment. It 
was then placed in the magnetic beta-ray spec- 
trometer and a decay curve was made of elec- 
trons having a momentum of 5800 Hp. This 
corresponds to an energy of 1.3 Mev which is 
above the upper energy limit of the 56-hour 
beta-particles' (see Fig. 11). The points in Fig. 7 
represent the experimentally observed values. 
Since the daughter indium is a beta-emitter of 
energy 1.73 Mev the observed points should 
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Fic. 7. Decay curve of Cd"? electrons and growth of 
In"? electrons of momentum 5800 Hp. Solid line is theo- 
retical for a parent half-life of 170 minutes. 






























































represent both the decay of the parent and the 
build-up of the daughter in amounts depending 
upon their relative intensities at 1.3 Mev. The 
half-life of the daughter is 117+3 minutes (see 
Fig. 8); therefore it is possible to calculate from 
the experimental points the half-life of the 
cadmium parent, and the relative numbers of 
electrons of parent and daughter emitted in equal 
Hp intervals at 5800 Hp. The full line in Fig. 7 
is the theoretical decay of a parent of half-life 
170 minutes into a daughter substance of half- 
life 117 minutes. The intensity ratio of parent to 
daughter at equilibrium has been adjusted to 
0.48 at this energy. The half-life of Cd’ is 
therefore 170+10 minutes, and the energy of 
its beta-particles is greater than 1.3 Mev. If 
equal numbers of electrons are emitted by the 
parent and daughter substances at equilibrium, 
the upper energy limit of the parent cadmium 
beta-rays is less than the end-point of the indium 
beta-rays, i.e., less than 1.7 Mev. 

To obtain the half-life of the daughter indium 
a sample of cadmium was bombarded with 
deuterons for three hours. The indium was re- 
moved and mounted in the spectrometer. Decay 
curves were taken of electrons of two energies, 
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435 kev and 402 kev, respectively. These are 
shown in the inset of Fig. 8 and indicate a half. 
life of 117+3 minutes. 

Originally! an internally converted gamma-ray 
was observed in indium which, because of jts 
rather similar half-life (about 2 hours), was algo 
assigned to In"’. However, Barnes" found the 
same gamma-ray in indium recovered from aged 
radioactive tin, which was assigned rather cop. 
clusively to isotopes of mass 113. This gamma. 
ray was measured in the magnetic spectrometer 
(Fig. 8) and found to have a half-life of 104+2 
minutes (see below). To show that this gamma. 
ray was definitely not connected with the beta. 
radiation due to In’ a sample of cadmium was 
activated and the indium removed. After two 
hours indium was again extracted, and mounted 
in the spectrometer. With this source the beta- 
rays of In"? were indeed found, but the converted 
gamma-ray was not observable. 


105-minute activity 


An indium radioactivity of half-life 105 min- 
utes was extracted from aged radioactive tin by 
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Fic. 8. Conversion electron spectrum of 0.39-Mev 
gamma-ray. In the inset are shown decay curves taken of 


the peak of the K-conversion electron line, and of the 
electrons emitted by In"? of nearly the same energy. 
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Barnes."' The tin had been formed by bombard- 
ing indium with protons, and could be attributed 
only to the isotope of mass 113 since all other 
possible isotopes of tin are stable. The tin was 
observed to decay to indium only by K capture 
with a half-life of 100 days. When placed in a 
photographic spectrometer the sample showed 
two internally converted gamma-rays of energies 
85 kev and 390 kev, respectively. The process 
was considered to be the following: tin decays 
to indium by 100-day K capture, the indium 
decays by the 85-kev gamma-ray of presumably 
short half-life to metastable In'**, and the 390- 
kev gamma-ray of half-life 105 minutes is emitted 
in the transition between In"** and the ground 
state. The total conversion coefficient for this 
gamma-ray was found by Barnes to be 70+10 
percent. 

The 390-kev gamma-ray has been obtained on 
the magnetic spectrometer in indium extracted 
from cadmium bombarded with deuterons. The 
conversion electrons from the gamma-ray are 
shown in Fig. 8. The decay of the gamma-ray is 
shown in the top curve of the inset in this figure, 
and the observed half-life of 104+2 minutes 
agrees with Barnes’ results. An attempt was 
made to observe the 85-kev gamma-ray with the 
same source but it was not found. This lends 
support to the level scheme proposed by Barnes, 
to which we have attached tentative spin and 
parity values to the left of the energy levels as 
shown in Fig. 9. The parity change in the 390- 
kev gamma-ray transition is required in order to 
explain its long lifetime. The assignment of spin 
to Sn" follows from its ease of production by a 
(p,m) reaction from In™’, which has a probable 
spin of }. 


4.5-hour activity 


The 4.5-hour period in indium has been formed 
by many reactions: Cd (p,y),! Cd (d,m) and by 
excitation of indium by neutrons,'* x-rays,'® 
protons*® and alpha-particles.** It also grows 
from cadmium made radioactive by deuterons 
and neutrons.' It has been ascribed'* to gamma- 

'* Goldhaber, Hill and Szilard, Phys. Rev. 55, 47 (1939). 

Collins, Walsman, Stubblefield and Goldhaber, Phys. 
Rev. 55, 507 (1939). 

*S. W. Barnes and P. W. Aradine, Phys. Rev. 55, 50 


(1939). 


* Lark-Horovitz, Risser and Smith, Phys. Rev. 55, 878 
(1939). 





RADIOACTIVE ISOTOPES OF INDIUM 991 


%»— Int!3 atin 

4t4 785 Kev in'3 (105 min) SO Sn"3(100 d) 
7 0.392 Mev 

tt, 





Fic. 9. Energy level scheme in In", 


radiation occurring in the transition from meta- 
stable In'®* to stable In". The conversion 
electrons have been measured on the magnetic 
spectrometer,” and indicated a gamma-ray of 
energy 336 kev. Recent measurements with the 
spectrometer set for higher resolution give the 
energy of the gamma-ray as 337.7+1 kev, and 
show it to occur definitely in the element indium 
(see Table ITI). 

It was shown"! that this activity grew from 
a cadmium parent of half-life 56 hours by beta- 
emission. In activated cadmium, aged one day 
to remove Cd"’ and its daughter product In"’, 
in addition to the 56-hour beta-rays, a gamma- 
ray of the same lifetime was observed.' The 
energy of this gamma-ray was first determined 
from cloud-chamber studies of the Compton 
electrons ejected from a thin carbon radiator. 
Fig. 10 shows a family of absorption curves in 
lead of the cadmium gamma-radiation at fre- 
quent time intervals after bombardment. It is 
apparent that after the initial decay of a high 
energy gamma-ray probably due to some other 
isotope of cadmium, each curve is resolvable into 
two components whose absorption coefficients 
are 3.2 cm~ and 1.5 cm~, respectively. The 
lowest curve shows the absorption in lead of the 
4.5-hour indium gamma-radiation obtained from 
a source of indium extracted from the aged 
cadmium sample. This shows a single gamma-ray 
absorption coefficient of 3.2 cm—'. The theoretical 
gamma-ray absorption coefficient for an energy 
of 338 kev is 3.18 cm~', which is in good agree- 
ment with the experimental result. This proves 
that the 4.5-hour gamma-ray is not entirely con- 
verted, but that considerable external gamma- 
radiation is present. 

The hard component of the cadmium gamma- 
radiation has an absorption coefficient which is 


2 J. L. Lawson, Phys. Rev. 56, 131 (1939). 





















































————__ 


992 J. L. LAWSON AND J. M. CORK 

a = a ‘ 
wo K336 
‘ NS ee —- es = 
WE. foes 
J SS” a 

~ ~~ ] 100 Hp 1.13.4.03 Mew 

SS ) 





< 
SSL 

SS 
SS 

oS 














UY) 


06 ei 
\ 
N 


cm Pb 20 28 





























f 


98 to 








Fic. 10. Shows a family of absorption curves in lead of 
the activity induced in cadmium by deuteron bombard- 
ment taken at various times after bombardment. Lowest 
curve shows the absorption of the 4.5-hour In™ gamma- 
radiation. 


characteristic of an energy of 0.54 Mev. Because 
this is in contradiction to the previous cloud- 
chamber measurements,! more cloud-chamber 
pictures were taken. These now show two gamma- 
rays of energies 0.35 and 0.55 Mev, the lower 
energy radiation presumably being due to 
transitions from In'5*. The other gamma-ray 
of about 3 the external intensity is probably 
short-lived, and in equilibrium with the 56-hour 
beta-rays. The original cloud-chamber measure- 
ments undoubtedly contained another short-lived 
high energy gamma-ray whose existence is shown 
in the beginning curves of Fig. 10. 

In order to evaluate the conversion coefficient 
of the 4.5-hour gamma-ray, the beta-ray spec- 
trum of the 56-hour parent cadmium was 
investigated. A thin cadmium foil was bombarded 
with 10-Mev deuterons for 50-microampere 
hours. After removing the indium completely and 
allowing the sample to age 48 hours to remove 
Cd"? and In"? the spectrum shown in Fig. 11 
was obtained. The weight of cadmium present 
was about 2 mg. The very intense conversion 
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Fic. 11. Electron spectrum of the 56-hour half-life Cqus 
beta-rays in equilibrium with the 4.5-hour In"® converted 
gamma-ray. 


electron line due to In'** can easily be seen. Due 
to scattering within the source the beta-ray 
spectrum below this energy is somewhat dis- 
torted. However, it is still possible to make a 
rather good estimate of the number of conversion 
electrons and the number of beta-particles 
present. The ratio of these numbers presumably 
yields a/(1—a) for the 4.5-hour gamma-ray, 
The value of the total conversion coefficient 
obtained in this manner is 49+10 percent. The 
upper energy limit for the 56-hour beta-particles 
is 1.13+0.03 Mev, which is in agreement with 
the value originally given.! One may now pos- 
tulate an energy level diagram as shown in Fig, 
12. It is not possible to tell with certainty from 
the beta-ray spectrum (Fig. 11) whether the 
beta-rays are complex, but because the intensity 
of the 0.54-Mev gamma-ray is only ¢ of the 
intensity of the 0.338 Mev gamma-ray, the 
scheme shown in Fig. 12 is necessary. As a 
matter of fact the shape of the distribution in 
Fig. 11 actually does suggest a double beta-ray 
spectrum of upper limits about 0.6 and 1.13 
Mev, respectively. One may assign probable 
spin values and parity to the states, and these 
are shown in small figures to the left of the 
levels. The spin of In™® in the ground state is 
known to be $. The long lifetime of In'** makes 
necessary a spin assignment of 4 and parity 
opposite to that of the ground state. Collins and 
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Waldman” in examining the formation of In™* 
by excitation of indium with x-rays of different 
energies report a level in In™® at about 1.2 Mev 
above ground which must have a probable spin 
of }. It is likely therefore that the 0.54-Mev 
gamma-ray level has a spin of } or possibly #. 
Both beta-rays from Cd"™* as shown are for- 
bidden. The level in cadmium probably has a 
spin of 3 as it is easily formed by slow neutrons 
from Cd'“ which probably has a spin of 0. 


ca!"® (56 hr.) 





Fig. 12. Energy level scheme in In". 


Therefore both beta-rays probably take place 
between states of opposite parity, if the spin 
values shown are correct.* 


23-minute activity 


A positron emitter in indium formed by bom- 
barding cadmium with deuterons was reported! 
whose half-life was determined from an analysis 
of the total indium activity. In order to separate 
this activity from all negative electron emitters 
a sample of activated indium was mounted in 
the spectrometer and the decay of the positrons 
of momentum 4750 Hp measured. The results 
are shown in Fig. 13 in curves A and B for two 
samples of indium, obtained using deuterons of 
energies 9.6 and 8.8 Mev, respectively, on cad- 
mium. Both decay curves are resolvable into 
two half-lives of durations 23.0+1.0 minutes and 
66 minutes. The 23-minute activity also emits an 

* G. B. Collins and B. Waldman, private communication. 

* Note added in proof.—Present theory would predict 
a short half-life for the 0.54-Mev gamma-ray with spin 
and parity changes as shown in the scheme of Fig. 12 and 
hence coincidences between the 0.6 Mev-beta-particle and 
the following short-lived gamma-radiation. Professors A. 
C. G. Mitchell and L. M. Langer, of the University of 
Indiana, kindly examined the radioactive cadmium for 
these coincidences, with negative results for gamma-radia- 
tion of half-life shorter than 10~ sec., thus indicating a 


need for revision of the level diagram of Fig. 12 or of the 
theory regarding the half-life of gamma-ray emission. 
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internally converted 160-kev gamma-ray." The 
spectrum of the positrons was investigated on 
the magnetic spectrometer but the determination 
of the end-point was impossible due to the 
presence of the 66-minute positron activity. 
However it is of the order of magnitude of 1.7 
Mev. 

This activity has been formed by Ag (a,2n) ™ 
(also confirmed with 20-Mev alpha-particles in 
this laboratory), by Cd (d,n) ' and by Cd (p,m) ™ 
reactions. These place it at In™. 


66-minute activity 

Barnes" first observed this activity, which 
emits positrons with a half-life of 66 minutes. 
The upper limit of the positron energy was set 
at 1.6+0.3 Mev. This isotope has since been 
formed by Ag (a,n)" (also confirmed by alpha- 
particle bombardment of silver in this laboratory) 
and now by Cd (d,2n) reactions (see Fig. 12). The 
(d,2m) reaction is evidently very critical with 
respect to the bombarding energy, for a reduction 
of the deuteron energy from 9.6 to 8.8 Mev 
reduced the intensity of the 66-minute activity 
by a factor of 10 with respect to the 23-minute 
activity. This is rather conclusive evidence that 
the 66-minute period is due to In™®. It was 


23.0215 Min. 





HOURS 5 6 7? 


Fic. 13. Spectrometer decay curves of the indium posi- 
tron activity of momentum 4750 Hp bombarding cadmium 
with deuterons. Curve A is for a bombarding energy of 
9.6 Mev and curve B is for a bombarding energy of 8.8 Mev. 
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Fic. 14. Kurie plot for the electrons emitted in the 50-day 
indium activity. These are also the electrons emitted in 
the 72-second activity. 
































possible to estimate the upper energy limit of 
the emitted positrons in the magnetic spectrom- 
eter. This yielded a value of 2.0+0.1 Mev in 
rough agreement with the cloud-chamber deter- 
mination. 


COMPARISON OF EXPERIMENTAL BETA-RAY 
SPECTRA WITH THEORY 


Most experimental work on the shape of beta- 
ray spectra has been compared to the theory 
of Fermi* and the modification of this theory 
proposed by Konopinski and Uhlenbeck.*> The 
usual comparison has been made by means of a 
Kurie plot?* in which the validity of the Fermi 
prediction is tested by the grouping of the experi- 
mental points into a straight line when (N/p*F)! 
is plotted against the energy W of the emitted 
beta-particle. N is the number of electrons of 
momentum p and energy W observed in equal 
momentum intervals. F is a function given 
explicitly by Fermi and approximated for light 
elements by Kurie.*® 

However in all of the cases so far accurately 
presented, experimental beta-ray spectra for 


*“ E. Fermi, Zeits. f. Physik 88, 161 (1934). 

bad - J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 48, 
(1935). 

°F. N. D. Kurie, J. R. Richardson and H. C. Paxton, 
Phys. Rev. 49, 368 (1936). 
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“forbidden” transitions have been compared to 
theories which had been developed for ‘‘alloweq” 
transitions. The theory for forbidden transitions 
is not yet published. It is difficult to measure 
beta-ray spectra of the allowed type because the 
energy of such beta-rays is either low (and hence 
instrumental corrections are large) or the lifetime 
of the transition is so short that it is not possible 
to secure accurate measurements. However, it js 
now possible to measure the beta-ray spectrum 
of an allowed transition of high energy, and stil] 
secure a long period in which to make measure- 
ments. This is possible because of the charac- 
teristics of In", for the beta-rays observed in the 
50-day period and mapped in Fig. 2 are really 
the allowed beta-rays of the 72-second activity, 
The apparent half-life of 50 days is due to the 
equilibrium existing between these beta-particles 
and the 50-day gamma-ray. Therefore the data 
shown in Fig. 2 down to the energy of the gamma- 
ray was substituted in a Kurie plot (Fig. 14), 
The approximation for the Fermi function given 
by Kurie et al. is not valid for indium, so the 
original function was used. (This makes a dif- 
ference of about 15 percent between the low and 
high regions of the spectrum.) The disagreement 
between the experiment and theory is now not 
great enough to be real, and one can say that the 
predictions of the Fermi theory regarding the 
shape of allowed beta-ray spectra is substan- 
tiated by In‘. Further accuracy is now being 
attempted. 
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Structure of the Z Absorption of Sodium Metal and Its Halides* 


H. M. O'Bryan 
Georgetown University, Washington, D. C. 


(Received March 15, 1940) 


The structure of the soft x-ray absorption of thin films of sodium metal, NaF, NaCl, NaBr, 
and Nal has been photographed in the region between 250A and 430A with a plane grating 
vacuum spectrograph having a resolving power of 0.1 electron volt. The structure is much 
narrower and more complicated than found in the K-absorption spectra for the same com- 
pounds. The sodium halides have narrow intense absorption “‘lines” beginning near 380A and 
extending toward shorter wave-lengths. These absorption ‘‘lines”’ of these crystals have widths 
at half-maximum intensity as small as 0.3 ev and almost the same wave-length as the emission 
of Nall in the vacuum spark. Sodium metal has a sharp edge at 405A and relatively faint 
structure at shorter wave-lengths. Continuous absorption in the halides starts near 45 ev 
corresponding to the ionization potential of the free ion at 47 ev and probably is due to transi- 
tions to the conduction states of the crystal lattice. These similarities between the energy 
levels of the sodium ion in these crystalline solids and in the free ions indicate a highly ionic 
character of the halides and surprisingly little broadening and displacement by neighboring 
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ions in the crystals. 





INTRODUCTION 


LTHOUGH the effect of chemical combina- 
tion on the structure of the x-ray absorption 

edges has been studied by many, very slow 
progress has been made in unraveling the energy 
levels of even the simplest of salts. The ad- 
vantages of soft x-ray spectra over ordinary 
x-ray spectra for this purpose have been sum- 
marized and illustrated by Skinner.' More re- 
cently Parratt®? has examined the K absorption 
of a monatomic gas (argon) and finds a width at 
half-maximum intensity of 0.58 electron volt 
while in the soft x-ray region Skinner finds that 
the emission edge of a solid can be as narrow as 
0.05 electron volt. These examples show directly 
an inherent limitation of x-ray absorption spectra 
of wave-lengths less than 5 angstroms as a 
source of information on the effect of chemical 
combination on the energy levels of atoms. 
Instrumental limitations can be more or less 
overcome through refinements in apparatus or 
by corrections but there is a more fundamental 
limitation which cannot be eliminated in the 
ordinary x-ray region. 

This factor which determines the minimum 

* Presented at the meeting of the American Physical 
Society, New York, New York, February 23-24, 1940. 

'H. W. B. Skinner, ‘The soft x-ray spectroscopy of the 
solid state,” Reports on Progress in Physics, Vol. 5, 1938 
(The Physical Society London). 


*L. G. Parratt, Phys. Rev. 56, 295 (1939). 
*H. W. B. Skinner, Nature 142, 432 (1938). 


widths of structures in the region of hard x-rays 
and which is negligible in the soft x-ray region 
depends directly on the reciprocals of the life- 
times of the initial and final states involved in 
the transition. Unless the effects of the crystalline 
lattice, chemical combination, and temperature 
are as large or larger than that described above 
little progress can be made in the use of x-ray 
absorption structure for the study of these 
phenomena. At present it appears that only 
wave-lengths longer than 20 angstroms will reveal 
structures as narrow as 0.1 electron volt. 

This paper presents the structure of the 
absorption by the L23(2p) electrons of sodium 
metal and its halides. This metal has its elec- 
trons almost completely free from the influence 
of the lattice and closely described by the 
simple Sommerfeld theory while the valence 
electrons of the sodium halides are tightly bound 
to their respective ions with almost no freedom 
to move about. The absorption of the valence 
electrons of the halide ions starting near 2000A 
and becoming less intense below 1100A has been 
studied previously.‘ The outer electrons of the 
sodium ion of the halides have little effect on 
this absorption and it is not until below 400A 
that their absorption appears. While it is not 
possible to make certain what fraction of the 

*R. Hilsch and R. W. Pohl, Zeits. f. Physik 59, 812 


(1930); E. G. Schneider and H. M. O'Bryan, Phys. Rev. 
$1, 293 (1937). 
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Fic. 1. iiaceiheatania curves showing the absorption 
of NaCl evaporated on a Formvar film. 
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width of their absorption structure is due to 
the various contributing factors, more is due to 
the final excited states than the initial states. 


EXPERIMENTAL 


The vacuum spectrograph was of the Thibaud 
type using a 600-line per mm plane grating with 
a plate to grating distance of 15 cm. The slit 
widths were determined according to the equa- 
tions of Bisacre® giving a resolving power of 0.1 
electron volt at 300A. A hot spark between alloy 
electrodes produced a many-lined spectrum 
sufficiently continuous in appearance for de- 
tecting the important structure in the absorption 
in this spectral region. Ilford Q plates were used 
and exposure times varied from a few seconds to 
several minutes. 

The very high absorption coefficients of nearly 
all substances in this spectral region require 
absorbing films which are less than 10-* cm 
thick. This requirement and others concerning 
purity and perfection of the surfaces were 
satisfied by distilling the absorbing material onto 
“Formvar” films within the vacuum spectrograph 
and photographing their absorption spectra with- 
out exposing them to the atmosphere. The films 
of Formvar (a plastic of the Shawinigan Products 
Corporation) were prepared according to the 
instructions of Germer.* These were about 200A 
thick and transmitted about 50 percent of wave- 
length 300A. At shorter wave-lengths this ma- 
terial becomes more transparent and has a 
maximum absorption near 900A. In order to 


5 F.F. P. Bisacre, Phys. Soc. Proc. 47, 948 (1935). 
*L. H. Germer, Phys. Rev. 56, 58 (1939). 
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obtain good quality films of sodium metal ang 
prevent re-evaporation within a few minutes jt 
was necessary to cool the Formvar film to about 
—80°C. The sodium metal films suitable fo, 
obtaining absorption spectra near 400A were 
completely opaque to visible light. As judged 
from interference colors suitable films of the 
halides were about 1000A thick. 

Alternate exposures were made through yp. 
coated and coated films inserted in the path of 
the light beam about halfway between the first 
slit and the grating slit. No impairment of 
definition of the spectral lines resulted from 
insertion of the absorbing films at this position, 
Microphotometer curves of the spectrum trans- 
mitted by NaCl on a Formvar film and the com- 
parison spectrum transmitted by a similar but 
uncoated Formvar film are shown in Fig, 1, 
From these and similar microphotometer curves 
with various exposure times on several thick. 
nesses of NaCl films the absorption curve ip 
Fig. 2 has been constructed. Due to the uncer. 
tainty in determining the thickness of the salt 
films the absolute magnitude of the absorption 
coefficients can only be estimated. For NaCl the 
maximum absorption coefficient in the center ofa 
band is about 15X10‘ per cm and in the more 
transparent region near 300A about 3X 10* per 
cm. No estimate of the absorption coefficient 
for sodium metal can be made at present. The 
structure of the NaF absorption was not as 
definite as that of the other halides due to the 
intense overlapping absorption of the six 2 and 
two 2s electrons of the fluorine ion. 


DISCUSSION 


The absorption curves in Fig. 2 show the 
types of absorption expected from two widely 
different classes of solid crystals; one a metal in 
which the valence electrons move about the 
crystal almost as freely as gas molecules and the 
other an extremely ionic compound in which the 
electrons are tightly bound to their respective 
ions and have no freedom to move about the 
crystal. The differences between energy states of 
the singly charged atomic ion as obtained from 
vacuum spark spectra’ are shown in Fig. 2 on 
the same energy scale as the absorption of the 


7R. F. Bacher and S. Goudsmit, Atomic Energy States 
(McGraw-Hill, New York, 1932), p. 309. 
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same ions in the crystals. Only transitions in- 
volving the ground state 15°2s*2p* and the lower 
excited states 15°2s*2p°3p and 1s°2s*2p53s are 
shown. Examination of the absorption curves for 
the chloride, bromide, and iodide show probably 
the existence of about four separate bands 
whose widths at half-maximum intensity vary 
from 0.2 to 0.5 ev. Tentatively these can be 
identified with transitions from the ground state 
of the ion to the lower excited states although 
final assignment requires better separation of the 
bands which probably can be obtained at re- 
duced temperatures. The differences in structure 
and relative separation of these lower excited 
states found in the chloride, bromide, and iodide 
can be associated with the allowed Brillouin 
energy bands whose position is a function of the 
lattice distance. Table I lists the energy values 
of these bands together with tentative identifica- 
tions with atomic transitions. The basis of this 
identification is. that the strongest absorption is 
due to the resonance line and the remaining 
three probably are the intercombination triplet. 
The ionization potential corresponds to removal 
of the electron from the sodium ion to the 
conduction band of the crystal. 

In order to use the structure in Fig. 2 to draw 
conclusions regarding the various effects causing 
the absorption widths it is necessary to evaluate 
their contributions. The instrumental resolving 
power as determined by the definition of emission 
spark lines and sharpness of the Na metal edge 
contributes little to the observed structure. It 
also appears certain that the ground state is 
broadened much less by the interaction of neigh- 
boring atoms and lattice vibrations than the 
excited state in which the electron orbit is larger 
and consequently more -influenced by its sur- 
roundings. Thus it appears that the widths of 
the observed structure are very closely the 
widths of the excited states of the ion in the 


TaBLeE I. Tentative identification of L absorption of sodium, 
energies in electron volts. 











IN FREE 
Ass. TRANS. 10N NaF NaCl NaBr Nal 
1§ to |P 32.83 33.7 33.3 33.2 33.1 
32.66 34.5 34.2 33.8 
1S to °P 32.75 35.1 35.5 
i 33.14 36.8 | 36.5 | 35.8 
ionization 47 45 44 42 























STRUCTURE OF THE X-RAY ABSORPTION 
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Fic. 2. Emission of the atomic sodium ion and the ab- 
coon of the same ion in the metal and halide crystal 
attice. 








lattice. It is apparent from the sharpness of 
the emission lines of the sodium ion in the 
vacuum spark and the absorption edge of the 
metal that the lifetime of the excited states are 
sufficiently long, probably more than 10-" 
second, so as to make the uncertainty of the 
energy of the excited: state due to this cause 
negligibly small compared with the widths of 
the absorption structure. Hence the widths of 
the observed structure must be due to collisions 
of the excited atoms with the lattice vibrations 
and interaction with neighboring ions and both 
of these effects produce widths not greater than 
0.3 ev in some levels of the alkali halide crystals. 

It can be expected that the contribution of 
temperature to the widths of this structure will 
be of the order of magnitude of that energy 
characteristic of room temperature or about 
several hundredths of an electron volt. This 
means that cooling of the absorbing film to 
liquid-air temperature may sharpen appreciably 
the absorption structure and such experiments 
with the instrumental resolving power increased 
to 0.06 ev are planned for the near future. Very 
fruitful results can be expected in this region as 
preliminary studies show considerable structure 
in selenium, and its compounds as well as in 
both the ferrous and ferric chlorides. At reduced 
temperatures it will be possible to study the 
energy levels in the solid state of many of the 
simplest chemical compounds which are gaseous 
at room temperature. 
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A new derivation of the meson lifetime and of the 8-decay formula according to Yukawa’s 
theory is given in which the meson field equations are used in their unquantized form. The 
vectorial meson theory leads to a Fermi §-decay theory with the Gamow-Teller selection 
rules as required by experiment. It is, however, not possible to obtain a quantitative agreement 
for both meson decay and 8-decay. When the constants are so adjusted as to give the observed 
lifetime for B-decay, the resulting lifetime of the meson is of the order 10~* sec., as compared 
with about 10~* sec. from cosmic-ray observations. It is shown that the uncertainties in nuclear 
theory do not greatly influence this result, and that most of the conceivable changes in the 
theory make the theoretical lifetime of the meson shorter and thus the discrepancy greater. 





§1. THE MESON FIELD AND ITs COUPLING WITH 
NUCLEAR PARTICLES AND ELECTRONS 


NE of the basic ideas in Yukawa’s meson 

theory of nuclear forces was to establish a 
connection between nuclear forces and radioactive 
B-decay. It was recognized by Yukawa himself 
and several other authors that such a connection 
would automatically imply the instability, i.e., 
the spontaneous decay of the meson. However, 
no definite agreement as to the value of the life- 
times has been reached so far and recently 
Serber' has expressed doubts as to the founda- 
tions of the theory itself. We have, therefore, re- 
examined the theory in order to establish 
definitely its consequences and numerical results 
and we hope to have simplified and clarified it 
considerably. | 

For the meson theory we follow the exposition 
of one of us? and we refer to that paper with 
regard to all details and the used notations. 

The meson field can be described by a six- 
vector E, H and a four-vector A, ¢ which are 
quite analogous to the corresponding quantities 
in ordinary electrodynamics (with which they 
are not to be confused, of course). The field 
equations are 


(a) div E+x’o 
(b) curl H—0dE/cdt+x°A = =4nj/c, 

(c) E+grad 9+0A/cdt=4rN/x, 
(d) H—curl A =41rM/x, 


1R. Serber, Phys. Rev. 56, 1065 (1939). 
2H. A. Bethe, Phys. Rev. 57, 260 and 390 (1940), 
quoted henceforth as (I) and (II). 


=4rp, 


(1) 
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where x= yc/h and yz is the rest mass of the meson. 
The expressions on the right side represent the 
“sources” of the meson field given by the charge 
density, current density and spin and momenta 
densities of nuclear particles, i.e., protons and 
neutrons. Assuming Dirac wave functions y for 
these, we have 


p=2v"*Qy, j=cgy*aQy, 
M=fy*BeQ), N=if y*BaQy. 


Here a, 8, @ are the Dirac and spin operators, 
respectively. For charged mesons Q represents 
the operator exchanging the character of the 
nuclear particles (for neutral mesons Q= 1) and g 
and f are interaction constants of the dimension 
of a charge. The various theories of nuclear 
interaction suggested so far differ only in the 
values of f and g which might also be different 
for charged and neutral mesons. The action of 
the meson field on nuclear particles can be 
represented by an interaction energy, 


w= f 1 (eo—A-i/o)+(1/«)(M-H—N-E) \dr. (3) 


The two expressions in (3) are clearly the only 
simple bilinear invariants which can be formed 
with the help of the field vectors and the 
quantities (2). A derivation of (3) from the 
Hamiltonian of the meson field has been given 
in I, §3. 

The principal idea of Yukawa’s theory of 
B-decay consists now in the assumption that in 
addition to the nuclear particles as sources of the 
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meson field there exists a similar contribution 
from light particles (i.e., electrons and neutrinos). 
This means that the simplest current and 
momenta expressions which can be formed with 
the wave functions x of light particles, i.e., 


a= Gx*Qix, 


M: = Fx*BeQix, 


j.=cGx*aQix, 


; (2a) 
N,=1Fx*BaQix 
have to be added at the right side of (1) and (3). 
Gand Fare new constants, again of the dimension 
of a charge. We have, of course, no a priori 
knowledge regarding the absolute magnitude of 
these constants so that they can be adjusted to 
fit experimental data. 

An interaction of this type, connecting a meson 
field with the change of a neutrino into an 
electron or vice versa, leads at once to the 
instability of mesons. More particularly, the 
disintegration process can be described as the 
disappearance of a neutrino (which is equivalent 
to the appearance of an antineutrino which is 
indistinguishable from a neutrino) and the 
creation of an electron ; there exists owing to (3) a 
direct matrix element for this transition. As all 
conservation requirements (energy, momenta, 
charge) can be satisfied, these transitions should 
occur. 

On the other hand, a nuclear particle (proton 
or neutron) is always surrounded by a meson 
field according to (1) which in turn acts on the 
light particle field and can produce electron- 
neutrino pairs if this is energetically possible 
(i.e., under the conditions for B-decay). Elimi- 
nating the meson field quantities we find that the 
B-decay can be described by a Fermi type inter- 
action between nuclear and light particles, where 
the coupling constants are determined by the 
charge constants g, f, G, F. One obtains thus a 
connection between §-decay, meson decay and 
the strength of nuclear forces. 


§2. THE DECAY OF THE MESON 


The probability for a simple transition is 
according to perturbation theory 


Pam=(22/h) | Ram|205(W,— Wa), (4) 


where Kam is the matrix.element, o the density of 
states per unit energy, and where the 6-function 


THEORY OF MESON DECAY 





999 


indicates the conservation of energy, W being the 
total energy of the system. To evaluate the 
matrix element for meson decay according to the 
interaction (3), one has to know the values of the 
field components corresponding to a meson at 
rest. One finds from (1) the plane wave solution 
for a free meson as follows 


A=A, exp [i(k-r—koct) ], 


g=k-A/ko, 
E=i[ —(k/ko)(k-A)+hoA], (S) 
H=i(kXA), 

ko? =hE+ 42. 


To normalize this for a single meson in unit 
volume, one has to make the integral over the 
energy density (cf. I (22)) equal to kof, i.e., 


hicky = (1/42) [A ox? +(k X Ap)? ]. (6) 


For a meson at rest (k=0; ko=x) these formulas 
reduce to 


¢=0; H=0; E=ixA; Ao?=4rhc/x. (Sa) 


For the final state the momenta of electron and 
neutrino are equal to p=yc/2= W/2c, therefore 


4rp*® dp W\?71 
St ee 
(2rh)*dW \A4rhc/ he 
With (2a), (3), (4), (Sa) and (7) we finally obtain 
for the lifetime of a meson at rest 


1/ty=Pam=(uc/h?)} > | uei*(Gay + FB) u, |?, (8) 





where a; is the component of a parallel to the 
vector potential A and u,; and u, are the Dirac 
amplitudes of electron and neutrino wave func- 
tions, respectively. The sum is to be extended 
over all possible spin states of electron and 
neutrino. The evaluation gives (see Appendix II). 


1 uc uct\ /2G? 1F 
1 (Sacsim=(“)\2EH22). 0 
r, N\A? h/\3he 3 he 


§3. THE RADIOACTIVE 8-DECAY 


For the 8-decay the nuclear particles act on 
electrons and neutrinos by means of their own 
meson field. The full interaction energy is 
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where the indices h, ] refer to heavy particles 


1 e~*r 
weo= f | esor+—Ha-Milari= ff prpidrdr, 
k r 
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(proton-neutron) and light particles (electron. 
neutrino), respectively. The calculation of the 
meson potentials and field strengths produced by 
the heavy particles proceeds in exactly the same 
manner as in thé theory of nuclear forces with the 
one difference that the role of the second particle 
is taken over by the electron-neutrino. Therefore, 
we can directly apply the result of I and fing 
with the help of I, (15) and (18) 


r)(M,-r) 








e"T2 
Es M:+ 
r l3 


Ss 


where r=r,—T; is the difference of the heavy and 
light particle coordinate vectors. Assuming that 
the light particle wave functions can be con- 
sidered as constant over distances 1/x« (i.e., that 
the wave vectors k of the light particles are <x) 
the integral over dr; can be carried out. With 


ew e-*" 4r 
f araaef r?dr=— 
r r K? 


we obtain, introducing the expressions (2) for p 
and M 


Ko = (42/x?) f { gGxe1*xP* Wn 





+fF2xe1*Box,»-Wr*Boyn drs, (12) 


i.e., an interaction of the original Fermi type 
with the constants determined by the coupling 
between meson and heavy particles and mesons 


and light particles.* 
The “tensor interaction” term in (11) (curly 
brackets) gives zero when the integration over all 


% Note added in proof.—To insure a correct treatment of 
the singularities, 3C should be written symmetrically in 
heavy and light particles; in particular we should write 
4(H,-M:+H:-M,) rather than H,-M:. This symmetrical 
form follows, of course, from (3) and has been used in (11). 
We are indebted to Professor Serber for drawing our at- 
tention to the ambiguities inherent in the singularity of H. 

3 It is to be noted that the Fourier coefficients of ¢, and 
H, produced by a nuclear particle (i.e., a point singularity) 
are sensibly constant for k<«, and not proportional to k 
as it would appear from Eqs. (5) for a plane meson wave 
normalized to unit density. This remark invalidates the 
argument by R. Serber (reference 1) that the vectorial 
meson theory would lead only to a Konopinski-Uhlenbeck 
energy dependence fot 8-decay. 





1 1 1 
—My-M:}|—+—+-} linn, (11) 
Kr? xr 3 


r2 





directions is carried out and the light particle 
wave function is considered as constant over the 
nucleus. When the light particle wave function 
exp [1k-r] (k=k.1—k, = wave number of the light 
particles) is expanded in powers of k-r, the tensor 
interaction is found to contribute a term of the 
relative order (k/x)? (i.e., proportional to the 
square of the energy of emitted electron over the 
rest energy of the meson), so that it can be 
neglected. (This would, however, not be the case 
for forbidden §-transitions.) A similar consider- 
ation applies to the remaining terms in (10), i.e., 
— Ay: (j:/c) —En- (Ni/k). With the expression for 
A, and E, in (I) these terms will give with neglec- 
tion of the space dependence of j; and N; 


1 
sey=— f {curl Ma: (ju/c)-+Nr-grad, pr} 
K 


1 
x-e-"d rT TI 
r 


1 
per J Ma-Lé/0x4]+ 0-2) 


1d/e" 
x-— —)d 7,07}. 
rdr\ r 

The integration over all directions of r gives 
again zero and the introduction of a term ik-r 
from a development of the light particle wave 
function exp (ik-r) will give a result of the order 
of k/x compared to (12). The expression (12), 
therefore, constitutes the full interaction for the 
theory of 8-decay except for terms of order 
electron energy over yc*. It is very nearly’ the 
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same as the expression given by Yukawa and The calculation of the 8-decay probability 
collaborators,‘ the only difference being the proceeds then just as usual, the first part of (12) 
factor } in the spin dependent terms in* (12). giving rise to transitions of the ordinary Fermi 

It is to be noted that the gand H of the meson type, the second part to transitions of the 
field give the dominant terms in the f-interaction Gamow-Teller type. We obtain from (4), con- 
(12) while the other two quantities A and E_ sidering the proper density factor for electron 











determine the decay of free mesons. plus neutrino states 
1 22 dpe 4rp,?* 2m (43)? (mc)*® 
=| 80 ut f Axpat— ae | 5C | n?2f(Wo), 
ts Oh dW (2xh)® h (2rh)® mc? 


where Av denotes the average over all directions of the outgoing electron and neutrino and f( Wp) is 
the well-known statistical factor for B-decay, viz. 


Wo Wot 3W.? 2 1 
f(Wo) = | W(W?-1)'(Wo— W)*dW = (Wo? —-1)4| —--————+- In [We+(Wei—1)")) (13) 
, 30 20 #15 4 
with Wy»=maximum energy and W the energy of the outgoing electron in units mc*. With (12) the 
final expression becomes ' 
1 8 wetym\* /gG\? 4/fF\? 
—=-— “(") | ) EMon'(t)+-(—) EMrut(Be) | FW) (14) 
ta whX\yp he 9\ hic 


Here Mg?(1) and Mr*(8e) are the squares of the matrix elements averaged over all directions of the 
outgoing electron and neutrino, while the sums go over all possible final spin states.* The definitions 
are 


Mom f xitute"bxdrs My= f xatBox.-VetBovvdrs, (15) 


Making the usual assumption that the light particle wave functions can be considered as constant 
over the nucleus, and neglecting the influence of the Coulomb field on the electron density near the 
nucleus,’ one can take out the light particle wave function and carry out the summation over the 
spins of the light particles. With >> (80,)?=1 (see Appendix IT) the final result is 


1 1 1 
—=f(Wo)(—Let+—Ls') (16) 
TB TG TP 


where f( Wo) is given by (13) and 
1 8 wc? 572G\? 1 8 wc? 5/7 fF\? 4 
220): 0 O' o 
tg whXY<yp he tr whX\<p he 3 
: 1 
J vervede , Let=-| [vee J verows J veroaby 


*H. Yukawa, S. Sakata, M. Kobayasi and M. Taketani, Proc. Math. Phys. Soc. Japan 20, 319 (1938). 

“ Note added in proof.—As Professor Serber has pointed out to us, this difference arises from a different treatment 
of the singularities in H. The result of Yukawa and collaborators will be obtained when H;-M, rather than the 
symmetrical expression is used in the Hamiltonian (10). 

*G. Gamow and E. Teller, Phys. Rev. 49, 895 (1936). As the meson field equations are assumed to be of vector- 
tensor character, also the resulting 8-decay coupling comes out to be of this type and not of pseudo-scalar or we wg 
vector type. The relativistic complements to the terms in (12) are neglected (cf. H. A. Bethe and R. F. Bacher, 
Rev. Mod. Phys. 8, 191 (1938)). 

* The cross term gives zero when summed over the spins (see Appendix II). 

’ This is allowed, as well known, for the case of light nuclei. For the consideration of this effect see the original paper 
by E. Fermi, Zeits. f. Physik 88, 161 (1934); H. A. Bethe and R. F. Bacher, cf. reference 5; L. W. Nordheim and F. L 
ost, Phys. Rev. 51, 943 (1937). 
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Since relativity effects can be neglected for the nuclear particles, the factor 8 in (15) has been dropped 
and yp, yw signify the ordinary Pauli two-component wave functions. 

We have still to consider the charge dependence of the nuclear forces. The 8-decay is, of course, Only 
possible due to the coupling of heavy and light particles with the charged meson field. Our formulae 
(9), (17) are directly applicable for the original form of Yukawa’s theory, in which the heavy particles 
are coupled with charged mesons only. However, if we assume, following the results of II, that the 
nuclear forces result from the coupling with neutral mesons only, the meson theory will give no g. 
decay at all. The only theory which involves charged mesons and is at the same time compatible 
with the qualitative facts about nuclear forces, is Kemmer’s* symmetrical theory (cf. I §4). In this 
theory, the 8-decay proceeds through both the positive and negative meson field, according to one of 
the schemes 

N-P+M-, M-+»r-6, 


or 
v—B-+M*, N+Mt-P. 


The transition probability for 6-decay will therefore be twice the expression (16), (17) if g, G, f, F 
denote the interactions between mesons of one charge and heavy or light particles. The nuclear 

* forces are due to charged as well as neutral mesons, the sign of the forces due to neutral mesons 
being either the same or the opposite of those due to charged mesons, according to the symmetry of 
the heavy particle wave function (I §4). It has been shown in I §4 that the total interaction in the '§ 
state of the deuteron has the same absolute magnitude as if the nuclear particles interacted only with 
mesons of one charge. (The 4S state of the deuteron shall be used for the determination of the nuclear 
force constants f and g.) Summarizing, we find in the neutral theory: 


1/teg=1/rr=0, (18a) 
1 wrfu\T2fhc\ 1 1/fhey\ 1 
ECENCY " 
t, 8\m/ L3\g°/ 7a 4N\ S727 Te 
1 we fur2fhce\ 1 1/hce\ 1 
CECI] : 
t, 16\m/ L3\ g°/ 7a 4N\ f° re 


§4. COMPARISON WITH EXPERIMENT Li® has spin one and He® probably has spin zero, 
p 
a a a a a like all nuclei containing an even number of 
(16) and (17)) that we a ae states ms neutrons and protons. Grénblom® has shown that 
TE ieee dies Cities ills einai ules bon all the evidence on the §-disintegration of light 
Sdecay by teking either the epin-indapendent nuclei can be interpreted on the basis of the 
, , , : Gamow-Teller selection rules. It is, of course, 
gG-interaction or the spin-dependent fF-inter- ; eect ree 
action. In either case, the energy distribution of nat poudiatens yet tecuciude a Rnear comminatnns 
‘dn enitee a Dew pre ie lnn salted Ceebaiiees of a Fermi and a Gamow-Teller interaction, and 
lifetime and pater eeian energy, is the same as in it is only on the basis of simplicity that we 
—P , : : should prefer a pure Gamow-Teller interaction. 
the original Fermi theory. The nuclear evidence ; ; ; 

. : ~ ..  « Such an interaction would be obtained from 
seems to be in favor of this energy distribution, in (16), (17), if the Single Force Hypothesis is 
contrast to that of the Konopinski-Uhlenbeck ; ; g cocaine 
nies” in suai pilin seein dian tm accepted for the forces between heavy particles 

_ : a (cf. I) because this hypothesis means g=0 and 
require the Gamow-Teller selection rules; in therefore 1/r,=0, no matter whether G=0 or 
particular the B-decay of He* would bea forbidden dite 
transition with Fermi’s selection rules because 


8 N. Kemmer, Proc. Camb. Phil. Soc. 34, 354 (1938). 


in the “‘charged theory”’ 


in the symmetrical theory: 





*B. O. Grénblom, Phys. Rev. 56, 508 (1939). See also 
E. P. Wigner, Phys. Rev. 56, 519 (1939), G. Breit and 
J. K. Knipp, Phys. Rev. 54, 652 (1938). 
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not. In any case, we see that the vectorial meson 
theory describes correctly the nuclear B-decay as 
to selection rules and energy distribution. (For 
the scalar meson theory, cf. Appendix I.) 

However, a large discrepancy is found when a 
quantitative comparison is made between life- 
times of the meson and of radioactive nuclei. 
Measurements of the decay of the meson in 
cosmic rays yield a lifetime of about 1 to 2 10-® 
second.'® On the other hand, a theoretical calcu- 
lation of 7, from (18), using the observed life- 
times of radioactive nuclei, gives an upper limit 
of about 10-® second. 

The most satisfactory basis of a theoretical 
estimate of 7, seems to be the 8-decay of He®. 
As we have already pointed out, this decay 
occurs only because of the fF-interaction. Ac- 
cording to Grénblom, the constant tr comes out 
to be 2.6X10* sec., if the lifetime of He® is used 
as a basis, and if the matrix element Ly’ is 
assumed to have its maximum possible value, 
corresponding to identity of the spatial wave 
functions of He® and Li®. Because of this assump- 
tion, Grénblom’s value for rr represents an 
upper limit. 

In order to obtain a value for f?/hc, we assume 
that all of the nuclear binding is due to the 
“tensor interaction,” i.e., to the f coupling 
(Single Force Hypothesis). For the mass n= 177m 
the constant go in Yukawa’s potential (go?/r)e-” 
is given by go*/hc =0.16 for the singlet state of the 
deuteron. For this state the f interaction gives 
the potential (2f?/r)e—", i.e., f?=g0?/2. With the 
values tr =2.6X10* sec., f?/Ac=0.08, w=177m, 
and taking G=0, we obtain from (18b) for the 
meson lifetime in the “charged theory” r,=1.2 
X 10-8 sec., i.e., a value too small by a factor of 
at least 100 as compared with cosmic-ray obser- 
vations. In the symmetrical theory r, comes out 
twice as large (cf. (18c)) and therefore still too 
small by a factor 50 to 80 in comparison with the 
cosmic-ray value. 

In the above estimate the values of the con- 
stants were chosen so as to be compatible with all 

%”B. Rossi, H. van Norman Hilberry and J. Barton 
Hoag find r=2 X10~* sec. W. M. Nielsen, C. M. Ryerson, 
L. W. Nordheim and K. Z. Morgan give r= 1.2 to 2.4 X10-* 
sec. The reported values for the lifetime should be increased 
by about 10 percent because of the difference in stopping 

wer between air and graphite as pointed out by E. 


ermi, Phys. Rev. 57, 485 (1940). Compare also O. Halpern 
and H. Hall, Phys. Rev. 57, 459 (1940). 
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our present knowledge and ideas regarding 
nuclear structure. One might argue that this 
knowledge is not certain enough to warrant 
complete confidence in conclusions regarding the 
selection rules of 8-decay and definite assign- 
ments of the constants f and g for the nuclear 
forces. It is evident, however, from Eq. (18) that 
the lifetime cannot be changed much as long as 
the order of magnitude of the present values of 
the time constant of radioactive decay (rg or rr) 
and of the strength of nuclear forces (g and f) 
are retained. Moreover, the Single Force Hy- 
pothesis (i.e., g=0; G=0) is actually the most 
favorable assumption for a long meson lifetime. 
For instance, if we retain the Single Force 
Hypothesis for the heavy particle interaction but 
assume G to be different from zero, the nuclear 
B-decay would not be affected at all and the life- 
time of the meson would be shortened. As a 
further illustration we give the results under the 
assumptions used by Yukawa and Sakata." 
These authors adopt the symmetrical form of 
the theory of nuclear forces as given by Kemmer 
and disregard the effect of the tensor interaction. 
In this theory we have 


f= Sg0";  g°= ig". (19) 


For the two assumptions that either one of the 
coupling constants F or G is zero, one obtains 
from (18c) for (a) spin dependent theory, i.e., 


F#0; G=0: 
1 9 fhe wy? 1 
C(O aes 
Ty 40 20° m Tr 


(b) spin independent theory, i.e., F=0; G0: 


1 wrfhc\*su\® 1 

—="(=) (*) —, (20b) 

T, O6\g0 m TG 
These formulas are identical with those of 
Yukawa and Sakata (reference 11, formulas (8) 
and (9)) except that their numerical factor for 
case (a) is +/15 instead of our 7/40 and for (b), 
/3 instead of our 2/6. The lifetimes calculated 


from these formulas with our values go?/Ac = 0.16 


and rr or tg ~2.6X10* would be 
(a) r=3.0X10-* sec. (b) 7,=0.45X10-* sec. 


"H. Yukawa and S. Sakata, Nature 143, 761 (1939). 
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That we obtain somewhat smaller values for 
T, compared to those of Yukawa and Sakata is 
due mainly to the different assumption regarding 
the time constant of radioactive decay, which 
had to be reduced from about (cf. reference 9) 

1.1104 sec. to ~2.6X10' sec. according to the 
discussion by Grénblom. 

The calculated lifetime of the meson depends, 
of course, on the assumed mass which has not 
yet been determined very accurately. It has been 
shown in I that the values of f?/hc and g*/hc 
must vary approximately as yz in order to give 
the same strength of nuclear forces; therefore, 
according to (18), 7, must vary as uw‘. The 
experimental observations of the decay, on the 
other hand, do not give 7, directly but rather 
the product ur,~u-*. It would, therefore, be 
necessary to reduce-the mass by a factor (50)! to 
(200)' i.e., 4 to 6, in order to remove the dis- 
crepancy of ~50 to 200 between the calculated 
and experimentally possible values. Such a low 
mass (30 to 50 electron masses) is, of course, 
not admissible. The more reliable experimental 
determinations all lie between 150 and 250 
electron masses while the range of the nuclear 
forces” would rather point to a still larger value 
of yu, of the order ~300 m, which would increase 
the discrepancy to a factor 300 to 1000. 

One has to admit, therefore, that Yukawa’s 
theory in its currently used form does not give a 
quantitative account of the meson decay. There- 
fore, in order to obtain a sufhciently rapid 
nuclear B-decay, it seems necessary to introduce 
again a direct interaction between heavy and 
light particles such as the original Fermi inter- 
action (cf. also §5). If this is done, there is, of 
course, not much point in introducing an addi- 
tional B-decay through the meson field, and we 
may just as well use the neutral meson theory 
which does not yield any 8-decay at all. However, 
we must, at the present time, leave the question 
open whether the introduction of a direct inter- 
action between light and heavy particles is 
really necessary, or whether Yukawa’s theory is 
still in a stage where quantitative predictions 
cannot be made even in cases where the usual 
divergence difficulties do not enter directly. 


2 Cf. L. E. Hoisington, S. S. Share and G. Breit, Phys. 
Rev. 56, 884 (1939), 
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§5. ON THE APPARENT INTERACTION BETWEgEy 
HEAVY AND LIGHT PARTICLES IN 
THE MESON THEORY 


It has been argued by Serber' that the usyal 
Hamiltonian for the meson field in the presence 
of heavy and light particles already contains 
(cf. I, Eq. (23)) a term M?—N?=(M,+M)): 
—(N,+N,)? of which the part M,-M,—N,-N, 
corresponds to a direct interaction between 
heavy and light particles. According to Serber, 
not much would be changed in principle by 
adding further terms of this sort, i.e., by deter- 
mining the coefficient of the term M,-M;—N,-N, 
from the requirement that it should give the 
correct lifetimes of meson and radioactive nuclei, 
In our opinion, this is not so. The Hamiltonian in 
I has been constructed so that it does not con- 
tain direct interaction terms M? and N? if the 
“‘meson field intensities” E and H are introduced 
(I, Eq. (22)). If E and H are then expressed in 
terms of the derivatives of the potentials ¢ and 
A, the terms M?— WN? appear (I, Eq. (23)). The 
coefficient of these terms in the ¢, A representa- 
tion is thus not arbitrary but determined by the 
condition of their absence in the E, H repre- 
sentation. 

A theory of almost equal simplicity would, of 
course, be obtained if the terms M?—N? were 
assumed to be absent in the ¢, A representation. 
This has, in fact, been assumed by Frohlich, 
Heitler and Kemmer." The result for the theory 
of the B-decay would be only that 3M,-M; in 
(11) is replaced by —}M,-Mz,, and similarly 
(3)fF in (12) by —43fF. This would replace the 
factor 4/9 in (14) by 1/9, the factor 4/3 in ry, 
(cf. Eq. (17a)) by 1/3, and therefore the factor 1/4 
of the term with rr in (18b, c) by 1. The results for 
the theoretical lifetime in the fF theory would be 
reduced by a factor 4, so that the discrepancy 
would be increased by the same factor. 

Moreover, if we omit the term M?— N? in the 
y, A representation of the Hamiltonian, a 6-func- 
tion is added to the customary interaction be- 
tween heavy particles (Cf. I, and reference 13). 
While such a 6-function is probably not of 
physical significance because the interaction at 
small distances is ‘‘cut off’’ anyway, its appear- 


18H. Fréhlich, W. Heitler and N. Kemmer, Proc. Roy. 
Soc. A166, 154 (1938), 
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ance is certainly not desirable from the aesthetic 

int of view. Therefore simplicity decides in 
favor of the Hamiltonian as assumed in I. The 
absence of a 6-interaction in the case of two 
nuclear particles is evidently the correct criterion 
for the absence of a direct interaction for B-decay, 
in which one of the nuclear particles is replaced 
by a light particle. For our purposes, the im- 
portant points are that the occurrence of a 
direct interaction term in representations other 
than the H, E one is only apparent, and that its 
coefficient cannot be changed at will without 
destroying the intrinsic simplicity of the theory. 


AppeNDIX I. MEsoN DEcAY ACCORDING TO THE 
SCALAR FIELD THEORY 


For the sake of completeness we sketch shortly 
the treatment of the meson decay in Yukawa’'s 
original scalar theory according to our present 
method. We denote the formulas corresponding 
to those of the rhain part with the same numbers 
and an additional suffix s. The wave equation is 
the Klein-Gordon scalar equation 

1 0°¢ 


c? at? 
S=gb*8OW+Gx*8Oix =Si4+ Si, (2s) 





—x*o= —4rS, (1s) 


where S is the scalar source function for the 
meson field, composed of separate contributions 
of the nuclear particles (wave function y) and the 
light particles (wave function x). The normaliza- 
tion for one free meson per unit volume, gives 


¢ =o exp [i{k-r—koct} J, 
(6s) 
vo" = 4n(hc)?/E. 


The action of the meson field on electron and 
neutrino is given by 


= f eSdr=G f ex*8Qxdr. (10s) 
We obtain then in analogy to (8) and (9) for the 
lifetime of the meson 
1 uc uc* g? 
—=— 2! uei*Bu, |?=— —. (9s) 
~, »e g" | Mel | h he 


Tp 


For the 8-disintegration of nuclear particles we 
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have again to introduce in (10s) the field ¢ 


produced by the nuclear particle. The interaction 
between nuclear and light particles becomes then 


er 
Ho -f —$§,Sidridr; 
r 


nr 
-— f GV r*BVwxei*Bxdrs, (12s) 
K 


which is a normal Fermi type coupling leading to 
the decay probability 


1 f(Wo) 





L?, (16s) 
TB TG 

—— 

TG % wn hX\<p hc} 
fvervdr 


The connection between meson and #-decay is 
then given by" 


; ‘ (17s) 
L?= J veribnde at 














—j} ——. (18s) 
m/ g* t@ 


1 wrfu\Phc 1 

ae 

With the same assumptions regarding the 
entering constants, 7, would be 3 the value 
following from the vector theory under the 
assumption F=0 (only spin independent coup- 
ling), ie., 0.15X10-® sec. for the “charged” 
theory. 

The dual theories discussed by Kemmer! 
would also give very similar results with the one 
difference that in the resulting interactions corre- 
sponding to (12) and (12s) pseudo-vectors and 
pseudo-scalars, respectively, would enter. 


APPENDIX II. EVALUATION OF SPIN SuMsS 


In the final formulas for meson and f-decay a 
summation over all spin states of the emerging 
electron and neutrino has to be carried out. 
Following the well-known procedure of Casimir 
and Dirac, these sums can be evaluated according 


“In the note by L. W. Nordheim, Phys. Rev. 55, 506 
(1939) a factor 16 has been omitted by mistake in formula 
(1). The formulas (16s) and (17s) agree now completely 
with those given by Yukawa in his first cue 

16 N. Kemmer, Proc, Roy. Soc, A166, 127 (1938), 
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to the prescription 
e si (u1*Oit2) (u2*O2u1) 


spins of | and 2 


1 mc? 
=} trace 0,/ 1+-a-v,+ 8 ) 
c E 


1 


1 mc? 
x0;(14+-e-¥.+8 ). 
c E 


2 








The indices 1 and 2 refer to the electron and 
neutrino and u, v, m, E are, respectively, the four- 
component Dirac amplitude, velocity, mass and 
energy of the corresponding particle. O; and O; 
can be any operators of the Dirac type, a, 8, @ or 
any product. The trace vanishes for odd powers 
of any Dirac operators and is 4 for a constant. 

Using the commutation rules for a, 8 we find 
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2v1.V22—Vi'V2 mymyc4 

L | u1*a2u2|?=1+ . - , 
c EE, 

2012V22—Vi'V2 mymyec4 

Llo2|*=1+ . iy 
c* EE, 

201.V22—Vi' V2 Mm \Moc4 

LX | Bas|?=1— - -, 
c? EE, 

a 2012V22—Vi'V2 mymyc4 

} | Bo. | 2=1— . 
c EE, 


The mass terms are zero when the neutrino 
mass is assumed to be zero. For the decay of the 
meson, electron and neutrino have velocities ~¢ 
in opposite directions, therefore v,-v2/c?=—1; 
and in averaging over all directions 1,09,/¢ 
= —1/3. For the 6-decay there is no correlation 
between the direction of electron and neutrino 
velocities and all products vi-V2 and 11,0, are 
zero in the directional average. All sums give 1 
therefore for B-decay. 
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The problem of hindered rotation in methyl alcohol is 
discussed in relation to a model in which a rigid OH bar 
may rotate about the axis of a rigid pyramid representing 
the CH; group under the action of a hindering potential 
of the form V=4H(i—cos 3x). The wave equation is 
separated into a Mathieu equation governing the internal 
motion and a symmetrical rotator equation which describes 
the rotation of the whole molecule. The Mathieu functions, 
because of a coupling between the internal motion and the 
rotation of the entire system, obey quasi-periodic boundary 
conditions. A qualitative treatment is given of the behavior 
of the energy levels as the barrier height H, is raised from 
zero to infinity. An exact method of calculating the energy 
levels, the wave functions, and the transition probabilities 
is devised which involves finding the roots of certain 
continued fractions. It is shown that the levels lying well 
below the barrier, which may be described as vibrational 
levels, are each split into three components whose spread 
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8 peti the past few years more than a 
dozen papers have appeared dealing with 
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is dependent upon the penetrability of the barrier. The 
positions of the three components of a level are periodic 
functions of the variable o=KC,/C (C; and C are moments 
of inertia and K is a quantum number having integral 
values.) Examining levels in the order of increasing 
energy, the levels which lie above the barrier rapidly take 
on the character of states found in free rotation. A set of 
numerical calculations of the levels and of the resulting 
spectrum are made with a barrier height of 770 cm”. 
The qualitative features of the theoretical spectrum appear 
to be in agreement with the observations of Borden and 
Barker and those of Lawson and Randall, but a comparison 
indicates that the barrier height is probably lower, about 
470+40 cm~. Further experimental work, particularly in 
the far infra-red, should determine the barrier height 
more exactly in which case better correlation between the 
predicted and measured spectra may be expected. 


hindered rotation in the ethane molecule.! The 


1E. Teller and B. Topley, J. Chem. Soc. 885 (1935); 
J. B. Howard, J. Chem. Phys. 5, 442, 451 (1937); E. B. 
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interest aroused in this subject has led to the 
experimental investigations of Borden and 
Barker and of Lawson and Randall* on methyl 
alcohol. They have obtained data on that portion 
of the infra-red absorption spectrum which is due 
to changes in the internal rotation of the mole- 
cule. Methyl alcohol was chosen because it is one 
of the simplest molecules in which the frequencies 
associated with hindered rotation are active in 
infra-red absorption. It is the purpose of this 
paper to present a detailed study of hindered 
rotation in methyl alcohol and to make a pre- 
liminary comparison of the results of this 
formulation with the existing experimental data. 

In methyl alcohol, not only does the whole 
molecule rotate in space, but the OH bar and the 
CH; pyramid also rotate with respect to one 
another about the C—O bond. Available evi- 
dence indicates this internal rotation is not free, 
but that there exists an interaction between the 
bar and the pyramid which hinders this rotation. 
It is evident that any hindering potential must 
have the threefold symmetry of the CH; group. 


MopEL CHOSEN 


The computations made in this paper are 
based upon a model which has been used to 
represent the methyl alcohol molecule. 

First, the model molecule will be taken to 
consist of a rigid OH bar and a rigid CH; 
pyramid; the only internal degree of freedom 
allowed in the model will be a rotation of the OH 
bar and the CHs group with respect to one 
another about the axis of the molecule. This 
assumption will not introduce any large errors 
into these considerations because, while the 
fundamental frequency associated with hindered 
rotation appears at 270 cm™~, all of the other 
fundamental vibrational frequencies appear above 
850cm—. Thus, ina normal coordinate treatment, 
if those force constants which are not associated 
with internal rotation are increased to infinity 
(thereby making the molecule rigid) the hindered 
rotation will not be materially affected, because 
of the initial lack of resonance. 

Wilson, Jr., J. Chem. Phys. 6, 740 (1938); F. Stitt, J. Chem. 
Phys. 7, 297 (1939). These papers give references to others 
which have appeared on this problem. 

*A. Borden and E. F. Barker, J. Chem. Phys. 6, 553 


(1939); J. R. Lawson, Thesis; J. R. Lawson and H. M. 
Randall (to appear shortly). 
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Fic. 1. Numerical val- 
ues of moments of inertia 1.427A 
and the molecular dimen- 
sions. Estimates made by 
Borden and Barker, refer- 
ence 2. 
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Second, the hindering potential in the model 
molecule will be taken to be: 


V=3H{1—cos 3x}, 


where H is the height of the barrier and x is the 
angle measuring the rotation of the OH bar with 
respect to the CH; pyramid. The work of 
Dennison and Uhlenbeck’ on the double minima 
problem has shown that the results of such a 
calculation as is contemplated here are very little 
influenced by the exact form of the potential 
used, but depend considerably on the area under 
the potential barrier. The above potential func- 
tion is one of the simplest having the desired 
flexibility and the necessary symmetry properties. 

Third, the molecule will be taken to be a 
symmetric rotator; it will be assumed that the 
principal C axis lies along the geometric axis of 
the molecule, and that the center of gravity lies 
on this axis. The slight asymmetry of the actual 
methyl alcohol molecule is due to the relatively 
light hydrogen atom in the OH bar. Borden and 
Barker have shown that the moments of inertia 
A and B differ in methyl alcohol by 4 percent 
from their average value. This difference will 
produce practically unobservable changes in the 
J and K spacings of the perpendicular bands 
resulting from internal rotation, these changes 
amounting to 0.06 cm for both J and K 
spacings. The numerical values of the moments 
of inertia and of the molecular dimensions which 
we shall use are based on the plausible estimates 
made by Borden and Barker and are indicated 
in Fig. 1. 

In the next sections the problem will be set up 
from our model of the molecule. The wave 


H 


*D. M. Dennison and G. E. Uhlenbeck, Phys. Rev. 41, 
313 (1932). 
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equation will be obtained and separated; finally we will examine the boundary conditions which 
the various portions of the wave function must satisfy. 


THE WAVE EQUATION 


In order to obtain the wave equation describing the rotation and internal motion of this mode| 
molecule, it is necessary to know the classical formulae for the kinetic and potential energies of the 
system. The kinetic energy associated with the precession of our model, written in terms of the usual 
Euler angles, is just that of a symmetric rotator; 


2T,;=A{@+y sin? 6}, 


where A is the moment of inertia of the entire molecule about an axis perpendicular to the axis of the 
molecule. If C; is the moment of inertia of the OH bar about the axis of the molecule and C; is the 
moment of inertia of the CH; group about this same axis, the portion of the kinetic energy associated 
with rotations about the axis of the model is: 


27 xix:=Cily cos 0+¢1}?+C2{¥ cos 0+¢2}?, 


where ¢; and ¢2 describe the position of the OH bar and the CH; pyramid, respectively, with regard 
to rotations around the axis of the model. The total kinetic energy is the sum of these two energies: 


2T =A {62+y? sin? 6} +Ci{y cos 6+¢:1}2+C2{y cos 6+¢2}?. 


The wave equation can now be written down at once. The procedure is well known and is equivalent 
to the writing out of the Laplacian in a curvilinear coordinate system for which the metric is given by 


2T. Inserting the hindering potential, the result is: 














1 rs] Ou 1 0*u 1 cos? 6 ) 07% 1 cos? 6 } 07% 
—jsin 6—} +—— —+;— . Pee {— - | 
A sin 6 00 00) Asin? @dy? (C, Asin? 6)d,¢* (Cy A sin? 0) d¢,? 





al 0*u + 07% 2cos@ du 
A sin? 6 Ovdad: OVdOd2 A sin? 6 001002 


This equation is the same as that used by H. H. Nielsen‘ in his discussion of the torsion oscillator. In 
his paper Nielsen carries out the separation of the wave equation. We will merely describe his results. 


The coordinates: 


2 H 
+] w-—a — cos 31 ¢.—42)) =a, 


= (CiditCog2)/C, and x=¢1—¢2, 


in which C=C,+ (Cz, are introduced into the equation. It is then observed that ¢ and y are ignorable 
coordinates and the differential equation which results from the use of this information is seen to be 
separable into an equation involving x alone and an equation involving @ only. Writing out the 


results: 
u=(1/2r)e*te*™¥O(6) N(x), (1) 


where 0 and SM satisfy the equations: 








1d dQ 
—¥4sin @— -| {M—K cos a} J(I+1) +R] 0=0, (2) 
sin? 6 dé dé sin? @ 
a’ /dx?+ {R+S cos 3x} M=0. (3) 


*H. H. Nielsen, Phys. Rev. 40, 445 (1932). 
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In these equations: 





W=W.+Ws, (1/A)[J(J+1) —K?]=2Ws/h?—K?/C 
ad I(I+1) 1 1\7h? CiC.2 H CiCe 2 H 
w-|——+K(—-— 5 S=——-, R= |W. — | 
A c A/}2 C h2 C he 2 


From the form of these equations it is evident that the motion can be described as the rotation of 
the whole top, together with an internal motion of the two ends of the molecule relative to one 
another. The whole top motion is given by the symmetric top equations in ¢, ¥ and @ while the 








internal motion is described by the Mathieu equation in x. 


BOUNDARY CONDITIONS 


We have seen that the wave function for the 
problem is: 


u=(1/2r)e*%e'4¥O(0) M(x). 


Since the wave function must be single valued in 
y, it is clear that M must be an integer. The 
solutions must also be‘periodic in @ with period 
2x. Let us now Consider the boundary conditions 
obeyed by ¢ and x. These coordinates describe 
the rotation of the whole top about the axis of 
the molecule and the internal motion which 
takes place about the same axis; they have been 
chosen in a way which avoids a cross product 
term in the kinetic energy between ¢ and z. The 
coupling, however, still exists and is now ap- 
parent in the boundary conditions. We will next 
examine these boundary conditions. Floquet® has 
shown that solutions of Mathieu equations can 
be written in the form: 


M(x) =e P(x), 


where P(x) is periodic with period 27 and the 
coefficient io in the exponential has been chosen 
imaginary so that the wave function will be 
everywhere finite. We now make the following 
transformations on the entire wave function: 


di oit2rn, d2—>G2+27M2, 


where ; and m, are integers. It is clear that since 
the physical system remains unchanged under 
these transformations, the wave function de- 
scribing the system also remains unchanged. 
Hence : 


u( did) =u(dit2rm, o2+27M2). 


*E. T. Whittaker and G. N. Watson, Modern Analysis, 
fourth edition, p. 412. 








Considering only those portions of the wave 
function which contain ¢; and ¢2, this means 
that: 


e'K¢eiez P(x) _ e'Keeiez P(x) 
Xexp [2ri{ K(m1Ci+m2C2)/C+o(ni—nze) }. 


Thus: 
K(niC,+m2C2)/C+o(n:—nze) =n, 


where is an integer. This equation can only 
hold for all m, and m2 if K is an integer and if 
o=s—KC,/C where s is an integer whose value 
depends only on the definition of oc. It is conve- 
nient to let s=0 and thus, c=—KC,/C. The 
internal wave function is therefore: 


M(x) = P(x) exp [—iKCix/C] (4) 
and must obey the following boundary condition: 
M(x+2r) = M(x) exp [—2riKC,/C]. 


Thus the coupling between the ¢ and x motions 
appears through the dependence of the boundary 
conditions of the internal motion on the angular 
momentum of the whole rotator about the axis 
of the molecule as given by K. The apparent 
asymmetry in the moments of inertia C; and C; 
is merely a result of the particular way in which 
the equations have been written here. 

In the next sections of the paper we will devote 
most of our attention to a consideration of the 
internal motion. We will only mention the whole 
rotator briefly when we wish to obtain certain 
rotational spacings in the various types of bands 
which occur. We will first consider the internal 
motion in the limiting case in which the two 
ends of the molecule rotate freely with respect to 
one another. This will be followed with a dis- 
cussion of the other limiting case in which the bar 






















































* = re Lr ewmedny, 














1010 


and the pyramid are tightly bound together and 
can only vibrate slightly against one another. 
The internal energy levels are then qualitatively 
connected across from the free to the bound case 
by using symmetry considerations. Finally exact 
calculations suitable to the intermediate case are 
made. 


FREE CASE 


Let us first consider the internal motion when 
the internal energy is very much greater than the 
hindering potential (W.>H). The differential 
equation for the internal motion becomes: 


mM /dx?+RM=0. 
Hence: 


mM = (1/27)? exp [4+7R'x]. 
It is evident that: 
P(x) = (1/27)! exp [imx], 
where m is an integer and: 
MM = (1/27)! exp [4(m—KC,/C)x]. © 
Comparing the two S1’s: 
+R*!=(m—KC,/C). 


The value of the internal energy resulting from 
this relation is: 


H i? C C1\? 
W.=—+— (m—K— (5) 
2 2Ch C 





Note that if both K and m change sign W, 
remains unchanged. That is, if we reverse the 
direction of rotation of the whole top and of the 
internal motion, the internal energy must remain 
invariant. 
The selection rules for the free case have been 
given by Borden and Barker and are, AJ =0, +1, 
Am=-+1and A(K —m) =0. The physical meaning 
of these rules is interesting. Kh denotes the 
component of the total angular momentum of the 
system along the axis of the molecule and is 
composed of two parts; mh, the angular mo- 
mentum of the OH bar and (K —m)h the angular 
momentum of the CH; pyramid. Since the 
component of the electric moment perpendicular 
to the axis, which is responsible for these transi- 
tions, depends upon the rotation of the OH bar 
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but not upon that of the CHs pyramid, it jg 
clear that the quantum number m must Change 
while (K —m) does not. 

The appearance of the spectrum for the free 
case has been sketched by Borden and Barker 
and should consist of a set of bands separated by 
h/4x*cC, which for methyl alcohol is about 
39 cm~. Each set of bands is composed of lines 
with a spacing of h/42*cA or about 1.57 cm, 
This last spacing is not affected by the interna] 
rotation and is associated with the precession of 
the molecule. It will be shown that even in the 
general case, bands of the ‘‘free’”’ type will appear 
in the short wave-length end of the internal 
rotation spectrum. 


BounpD CASE 


We will next consider the case where the 
internal energy is much less than the barrier 
height (W.<«<H/2). For this case the internal 
motion is a torsional oscillation of the OH bar 
and the CH; pyramid with respect to one another, 
the twoends rotating against one another through 
small arcs about the axis of the molecule in the 
region of one of the potential minima. 

We will first consider vibrations about the 
minimum at x equals zero. Expanding the 
hindering potential about this point in a Taylor's 
series we obtain: 








PM /dx?+ {[r—Ex?}M=0, —irL x je, 
where: 
2 CiCz 9C,C,H 
A=— Wa, = ° 
ae Cc 2h?C 


We have seen that: 
M(x) = P(x) exp [—4#K(Ci/C)x]. 


For small values of K and for large values of the 
barrier height the motion will take place within 
such a small range of x that the exponential will 
be practically constant in this region. On the 
other hand P(x) will vary rapidly in this region. 
We can therefore insert for the exponential, the 
value which it has at x=0. Thus: 


M(x) = P(x) 


If the barriers are sufficiently high and wide, the 
energies and wave functions will be just those of 


—4ax =x}. 
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the linear harmonic oscillator : 


Wan=3h(CH/2C,C2) (n+3), 


M(x) = NV, exp [—3éx? JH, (Ex), 


H, (x) is the mth Hermite polynomial and JN, is 
the normalization factor. There will be two other 
states having this same energy; they are the 
states in which the system is executing an 
exactly similar vibration about the minimum at 
2n/3 or the one at 42/3. The wave functions will 
be just the one given above except that they will 
be centered at a different minimum and will 
have a phase factor characteristic of that mini- 
mum. For example, the harmonic oscillator 
function describing vibrations about the mini- 
mum at 27/3 will be written in terms of the 
variable (x — 27/3) and will be multiplied by the 
phase factor exp [ —$aiKC,/C]. 

The three wave functions described above are 
not the correct zeroth-order wave functions for 
our threefold hindering potential. The correct 
linear combinations of these wave functions can 
be found from group theory or by performing a 
degenerate perturbation calculation. Let us con- 
sider, for a given K, the three wave functions of 
the degenerate states whose energy is Avo(n+34). 
If we call the harmonic oscillator wave functions 
centered about 0, 27/3, 42r/3 simply H,'}(x), 
H,2(x), H,*(x), respectively, and if we write the 
phase factor for all of these wave functions as a 
common factor, we find for the correct zeroth- 
order wave functions: 


°= (1/3)! exp [—i1KC\x/C] 
X(A.'+H,2+H,*], 
M,.e= (2/3)! exp [—iKCyx/C] 7 
<(H'- (Hw +H.) ), 
M,°= (1/2)! exp [—iKCix/C)LA,?—H,?]. | 


A perturbation treatment shows that if K =0 the 
threefold potential will cause the triply degener- 
ate state to split into two states, the a state 
splitting away from the other two. If K #0, in 
general, all three states will separate. 

In the truly bound case, the spectrum resulting 
from changes in the internal motion would be an 
ordinary perpendicular band and would consist 
of a series of zero branches with the spacing 
(1/C—1/A)h/42°c=6.57 cm—. Each zero branch 


( 
$n SxS jr. 
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is the center of positive and negative branches 
whose lines are spaced h/4n°cA=1.57 cm™. 
These latter lines would no doubt blur together 
to form a background of absorption. 


CONNECTION BETWEEN THE FREE AND 
Bounpb CASES 


The qualitative behavior of the energy levels as 
the barrier height is gradually raised from zero to 
infinity may be inferred from the following 
arguments. The presence of the three identical 
hydrogen nuclei in the CH; pyramid leads to the 
well-known result that the levels of the system 
may be divided into the symmetry classes a, 8 
and (yé). A wave function belonging to the a 
class is invariant under an interchange of any 
two of the hydrogen nuclei while a §-wave 
function changes sign under this operation. The 
degenerate classes (v4) always occur together and 
the levels cannot be separated by any order of 
perturbation. The symmetry class of a wave 
function is of course not altered by changing the 
barrier height. We now determine the symmetries 
of the wave functions of the free rotator and also 
those of the bound oscillator. The connections 
between the two may then be made uniquely for 
it has been shown by Strutt® that, for a given 
o (or K), the solutions of the Mathieu equation 
which are subject to the boundary condition 
M(x-+27r) =e?***N(x) can be ordered by the 
number of zeros which the wave functions possess 
in the interval 0 to 27. This means that the levels 
will not cross as we raise the barrier height. 

The symmetry characters of the wave functions 
of the free internal rotator are easily found by 
adapting the arguments employed in finding the 
symmetries of the rotating molecule VX; to our 
case.’ The significant point is that the symmetry 
is determined by the quantum number (K —m) 
rather than by K since it is the former which 
represents the rotation of the CH; group. Thus if 
(K—m)=0 the level is either a or 8 depending 
upon whether the total angular momentum 
number J is even or odd. If (K—™m) is not a 
multiple of 3, we have the degenerate pair (v4) 
while if (K—m) is a multiple of 3 there are two 
levels one of which is a and the other 8. 

*M. J. O. Strutt, Ergebn. Der. Math. u. Ihrer Grenz. 


I, No. 3, p. 14 (1932). 
7D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 
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Fic. 2. Splitting of energy levels. 


When the barrier is infinitely high (the bound 
case) the wave functions may be written as the 
product of the vibrational functions (Eq. (7)) and 
the wave functions of a symmetrical rotator. For 
each vibrational level, ”, there are, as has been 
seen, three functions whose symmetry is easily 
shown to be a, (v4) for 2 even and 8, (v4) for n 
odd. The symmetry classes of the rotational wave 
functions are well known and may be stated as 
follows. For K =0, the level is-a or B as J is even 
or odd. For K not a multiple of 3 we have a 
degenerate pair (v4) while for K a multiple of 3 
we have the two levels a and 8. The symmetry of 
the total wave function may then be found from 
the usual multiplication rules, 


a-B=B, a-(y5)=B- (v6) =(y8), 
(v4): (v6) =a, B, (y8). 


a-a=B-B=a, 


The results of these considerations are shown 
diagramatically in Fig. 2 for the typical cases of 
K=0and K =1, both for J even. No attempt has 
been made to draw the levels to scale (this will 
be done later in Fig. 3) but only to show the 
manner in which the levels of the free rotator 
connect with those of the bound oscillator. In 
constructing such a diagram it is important to 
notice that the order of the levels on the “‘free’’ 
side for K#0 depends upon the ratio of the 
moments of inertia C,/C and will alter as K 
increases. 
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Exact METHODS—INFINITE DETERMINANTS 


We will now consider the internal motion for 
intermediate values of the barrier height, ex. 
amining the equations of motion first with the 
aid of infinite determinants, and in the following 
section considering the equations of motion when 
they are written as infinite continued fractions. 
The two descriptions are equivalent. 

The internal equation of motion can be written 
in the form: 


d’mMm/dx?+ {| R+2a cos 3x}M=0, 
where: 
M(x) =e**P(x) 
and: 
g= —KC,/C. 


We can now expand P(x) in a Fourier series, 
Thus: 


@ 
M(x) =e ; are’, (8) 
T—2 
where «7 is an integer. If we substitute this into 
the differential equation, multiply through by 
e*’’=, and integrate from zero to 27 we will obtain 
the following recursion formula: 


. Qr-3+ar+ > a 
|R—(o+7)?} {R—(¢+7)?} 


The necessary and sufficient condition that this 
infinite set of linear homogeneous equations shall 
have solutions other than a,=0 (for all r) is that 
the determinant of the coefficients should vanish. 
We have written out a few terms of the determi- 
nant below: 





r+3=0. (9) 














Di(c, R)=0 
a 
1 0 0 
(—3} 
a 
0 1 0 0 
(—2} 
a 
0 0 1 
{—1} 
“le ‘| (10) 
——_ § 1 
10} 
a 
— 1 
{1} 
a 
— 1 
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in terms of o and a. It is evident that the 

determinant converges. It is also clear that the 
{r} ={R—(o+7)?}. ; 8 ; ae ae 

determinant can be factored into three infinite 

The vanishing of this determinant is the relation determinants a few terms of which we have 


where 


_ which yields the eigenvalues of the problem (R) written below: 





D,=D,DDs3, (11) 
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Thus the threefoldness of the problem expresses 
itself in these three determinants, the vanishing 
of each yielding a different group of eigenvalues 
and eigenfunctions of the internal motion. 

Using a remarkable theorem discovered by 
G. W. Hill® we can now state the dependence of 
these determinants on o precisely. Writing out 
this theorem for our cases, we have: 


D1(e, R)=D,(0, R) —sin?® ra/sin? rR. 
Thus our eigenvalues are given by: 
D (0, R) =sin? ra/sin? rR. 


Similarly, in the case of the three factors one 


finds : 
D,(0, Ri) =sin® 4210/sin? $7R', 


}—cos #x(0+4) 
3+cos 37R,! 
3—cos §x(7—3) 


4+cos 37R;! 





D,.(0, R2) = 





D;(0, Rs) ” 


These, then, are the three equations yielding the 
three different types of eigenvalues denoted by 
Ri, Ro, and R3. We can, however, proceed further. 
Upon examination the three infinite determinants 
of the above equations prove to be simply related 
to one another. It can be shown that: 


?—D,(0, R) sin? 47R! 
D,(0, R) = D;(0, R) => e 





—sin? 47R! 


we lOo 


From this relation the three equations yielding 
the roots become: 


D,(0, Ri) =sin? 420/sin? 47R;}, (13) 
D,(0, R2) =sin® 4x(o—1)/sin? 47Rz!, (14) 
D,(0, R3) =sin? 44r(o+1)/sin? 47R3'. (15) 


Using these equations one finds that the eigen- 
values transform into one another in a very 
beautiful manner. We see that: 


Ri(o+3l) =Ri(o), 


Ri(o+3/+1)=R;(o), 


Ri(o+3/+2) = R2(c) 


8 E. T. Whittaker and G. N. Watson, Modern Analysis, 
fourth edition, p. 415. 
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and, noting that / is an integer: 


R2(o+3)) = R2(c), 
R2(o+3/+1)=Ri(o), 
R2(o+3/+2) =R3(c). 


The way in which the cyclic permutations are 
made should now be obvious. If one now examines 
the determinants and the recursion formulae it js 
clear that the determinants and the wave 
functions also depend upon ¢ in just the same 
way. For example: 


Mi(o+3, R;) = IM(o, R)), 
Mi(o+3/+1, R;) = Ms(o, R,), etc. 


From these discussions concerning the case where 
the potential is }H cos 3x one can immediately 
see the extensions appropriate for the case where 
the potential is }Hcos Nx (where WN is an 
integer). 


Exact METHODS—CONTINUED FRACTIONS 


We will now write the equations describing the 
internal motion in terms of continued fractions, 
The actual numerical calculations were made 
with continued fractions. We have obtained the 
recursion formula: 


a a 
¥ a,-_3+a,+—4,43=0, 
{r} {r} 
where: 
[7] ={R-(o+7)4}. 


Using the methods discussed by Poole® we can 
eliminate the a, by using convergence require- 
ments, thus obtaining the following three 
equations which give the three types of eigen- 
values: 

















at at 
1-- -- = ——— -— 
{0} {3} {0} {—3} 
of a? 
Os a ees 
{3} {6} {—3}{—6} (16)(R,) 
a? 1—etc. 
iow 
16} {9} 
1—etc. 


°E. G. C. Poole, Introduction to the Theory of Linear 
Differential Equations, p. 182. 
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1—etc. 


It can be seen that these continued fractions 
converge very rapidly. The convergence becomes 
worse if we increase a, the barrier height, or if we 
go to larger values of the internal energy (if we 
increase R). 

Having found an R which satisfies one of these 
equations, we can proceed to calculate the a, 
which determine the corresponding internal wave 
function. To do this we will need the equations 
which connect successive a, in each of the three 
types of wave functions. These relations, which 
appear during the process of eliminating the a, 
from the recursion equations, are: 




















Qa 
a,= “—a for positive r (19) 
{tT 
a? 
— —_ 
tT} [r+3} 
a? 
— 
{t+3} | 7+6} 
1—etc. 
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and 
a 

a,;= “a for negative r. (20) 
T 





a? 


ir} {r—3} 





a? 


i 
{r—3}{r—6} 








1—etc. 


The Fourier coefficients are now determined as 
follows: Suppose that we have found an R;. The 
a3, are then calculated in terms of some initial 
coefficient from the above equations. Suppose do 
is the initial coefficient: We calculate a3; and a_; 
in terms of do using these equations: then a, and 
a_¢ are determined by substituting these values 
of a3 and a_; into the equations relating a, with 
a3; and a_¢ with a_3;: and so on. The wave 
function is normalized by choosing the initial 
coefficient. For an Rez the a3:_; are calculated in 
terms of a_;. For an R; the a3; are calculated in 
terms of a. 

Let us next examine the transition probability 
between two states of motion of the molecule. We 
will assume the OH bar to be a permanent dipole. 
The components of this dipole along the x,y. 
axes will be (d, 0, f). These axes are fixed in the 
bar. The projections of the dipole moment upon 
the axes fixed in space at the center of gravity of 
the molecule are: 


ux =d{cos ¥ cos ¢1—cos @ sin ¥ sin ¢;} 

+f sin @sin y, 
py =d{sin ¥ cos 1+ cos 8 cos ¥ sin ¢;} 

—f sin @ cos y, 
uz=dsin @sin ¢1+f cos 8. 


The spectral lines resulting from the terms in f are 
just the ordinary far infra-red lines due solely to 
changes in the precessional motion. Taking only 
terms in d and using the fact that: 


>i = o+ C2x/C, 


the above formulae become: 


ux =d[ {cos ¥ cos ¢—cos 6 sin ¥ sin"¢} cos Cox/C— {cos ¥ sin ¢+cos @ sin ¥ cos $} sin Cox/C], 


uy =d[ {sin ¥ cos ¢+cos @ cos ¥ sin ¢} cos Cox/C—{sin ¥ sin ¢—cos 6 cos ¥ cos ¢} sin Cox/C], 


uz=d[sin @ sin ¢ cos Cox/C+sin£@"cos ¢ sin Cox C). 


| 
| 
| 
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The matrix elements are now given by: 
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inivaw* f f f f F*(Opy)7''™’ on *(x)*’ uM (x) F( Og) *"dxdody sin 6dé, 


where i=X, Y, or Z. Carrying out the integration over x we find: 


ia {cos Cax/C 
om *(x)* | (x) aa =; 
0 sin Cox/C 





where the 6 are Kronecker deltas. Note that the 
nonvanishing integrals over x will have the same 
value if K is replaced by minus K. 

Let us consider the case where K’ is K —1. If we 
carry out the integrals over x an examination of 
the remaining portions of the matrix elements 
shows that we are evaluating the symmetric 
rotator matrix elements of a dipole fixed in the 
whole rotator. In a set of coordinates fixed in the 
whole rotator so that their z axis lies along the 
axis of the molecule and their x axis lies along the 
¢ direction the components of the whole rotator 
dipole are 


d wo d ) 
—2La6r-1, — 2D GrOr-1, 0). 


—# 41 -@ 


The integrals over the whole rotator coordinates 
6, ¢, and y will be just the symmetric rotator 
matrix elements which one obtains in the calcu- 
lation of the intensities of lines appearing in the 
negative side of an ordinary perpendicular band. 
Here, as in the case of the symmetric rotator, we 
can square the matrix elements and sum over the 
three directions X, Y, Z. This operation gets rid 
of all imaginary numbers. We can also sum over 
the (2J+1) allowed values of M and over the 
two values +K and —K. The resulting transition 
probabilities contain as one factor just those 
amplitudes which give the intensities of the lines 
in the negative side of a perpendicular band. The 
integrals over x contribute, if we include the 
dipole strength, the factor: 


(In-s*)*=d4(5 aya, -1)*. (21) 


The same procedure can be carried out for the 


aDog eK > 070741 +6x/*-! ) Q;Q;-1 | 


1 
24 





5 





[—6x *+! ¥ adrgitdx*—! ¥ arar_1] 


—_ J 








case where K’ is K+1. The symmetric rotator 
amplitudes which result are those encountered on 
the positive side of a perpendicular band. The 
factor multiplying them which results from the 
internal motion is: 


(Ix41*)?=d?(30 a,a,41)?. (22) 


The selection rules for the whole motion are of 
course: 


AJ=0, +1; AM=0,+1; AK=+1. 


The selection rules for the internal motion can be 
deduced by noting which classes of the a, can 
appear together in the Jx,:*. For example, in 
Ix_i* if the a, are a3; then the a,_; are a3;_;. Thus 
the frequency absorbed involves a transition 
from a state of the first kind to one of the second 
kind. Let us call such a frequency : 
vs 

Then the selection rules state that in the case 
where K—-K—1 the internal transitions are of 
the following types: 


In case K—K-+1 the internal transitions are of 
the following types: 


It is well to note that these rules say nothing 
about the relative intensities of fundamentals, 
overtones, etc. This information can only be 
obtained by actual calculation of the a,. 
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Fic. 3. Wa as a 
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NUMERICAL CALCULATIONS 


A series of numerical calculations of the energy 
levels and wave functions have been made with a 
particular value of the barrier height. These 
results are preliminary in the sense that the 
barrier height chosen is probably not the correct 
one for methyl alcohol. The predicted spectrum 
is therefore not in very good agreement with the 
observed spectrum. The qualitative features are 
very interesting however and will undoubtedly 
lead to a better evaluation of the barrier height. 

A first set of computations was undertaken to 
determine the energy levels having K=0 for 
various barrier heights. The results are shown in 
Fig. 3. This figure is a correct plot of the levels 
which were drawn qualitatively in the lower 
portion of Fig. 2. The information thus obtained 
was used in the following way. The transition 
from the ground state (n=0) to the first excited 
state (n=1) will approximately correspond to the 
most intense region of the absorption spectrum. 
An examination of the spectrum as reported by 
Borden and Barker indicated that the absorption 
increased in intensity as the wave-length in- 
creased. An estimate indicated that it would 
reach a maximum intensity at about 350 cm—. 


This could be only a very rough estimate indeed 
since their observations did not extend beyond 
380 cm~. A reference to Fig. 3 shows that. the 
difference between the levels n=0 and n=1 will 
be equal to 350 cm~ when the barrier height 
measured from the bottom of one of the minima 
is 770 cm. 

The rest of the calculations were made with a 
particular value of the barrier height. The con- 
stants employed were: 


H=769.43 cm~, 
a=s/2=27°cC,C.H/hC=7.7699, 
= —KC,/C= —0.20766K, 
W,. = 24.7568 | R+ 15.5398} cm. 


It will be remembered that the total energy of the 
system is equal to W, plus the energy of the sym- 
metrical rotator, namely (h?/2A)(J°’+J—K?*) 
+h? K?/2C. The values of W, for any K are to be 
found from the continued fractions (Eqs. (16), 
(17) and (18)) by the method of successive 
approximation. The continued fractions converge 
so rapidly that it was necessary to calculate only 
about five or six terms. The results for »=0, 1, 2 
and 3 are shown in Fig. 4. It must be noted that 
only integral values of K have physical meaning. 

The curves of Fig. 4, although calculated for a 
particular barrier and ratio of moments of inertia, 
are characteristic solutions of the problem and 
are worth considerable study. Thus the ground 
levels (n=0) are seen to be three in number. 
Initially when K =0, the two upper levels com- 
bine to form a degenerate level at 192.34 cm 
(energy is measured from the bottom of one of 
the potential minima). The other level lies 1.4 
cm lower. As K increases the degeneracy 
disappears and the positions of the levels oscillate 
up and down over the comparatively narrow 
range of 1.9 cm~. The spread of this triplet state 
in frequency units represents the inverse of the 
time it would take the system in one potential 
minimum to leak through to one of the other 
minima. The three curves giving the levels are of 
course identical but are displaced laterally by the 
amount C/C. 

The first excited levels (n=1), also three in 
number, lie about 538 cm above the minima. 
The spread of the energy levels as K changes is 
larger than that of the ground state, being 33 
cm, This increase in the “width’’ of the level 
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indicates the greater ease with which the system 
may penetrate the barrier in this excited state. If 
we go to still higher values of ” we will be dealing 
with states which lie above the potential barrier. 
The properties of these states must rapidly 
approach those of the free rotator as we go to 
larger values of . Two points are to be noted. 
First, for the higher states the spread of the 
levels becomes so large that the upper levels of 
one state, say the mth state, nearly reach up to 
the lower levels of the (n+1)th state. In the 
second place the maxima and minima of the 
energy versus K curves become so sharp as to 
suggest discontinuities. These phenomena are 
immediately explicable when we consider the 
energy curves for the free rotator. As has been 


shown, in this case 





Ci\? Ch? ‘i 
W.= m-K—) ; 

C7 2C,C, 
The resulting parabolae are drawn in Fig. 5 in 
such a manner as to illustrate their relationship 
to the preceding curves where the barrier height 
is not zero. 

The next step in the calculation is to obtain the 
wave functions describing the states. This has 
been accomplished by employing Eqs. (19) and 
(20) to compute the coefficients in the Fourier 
expansion (Eq. (8)) of the wave function. The 
results of this process are shown in Fig. 6 for the 
wave functions of the first kind. They are given 
in normalized form. The coefficients of the second 
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and third kind are found by displacing the curves 
laterally by an amount C/C. It is interesting to 
observe that as we go to the higher states which 
must resemble the free rotator one of the Fourier 
coefficients becomes large compared with the 
others. For the completely free rotator we have 
seen that only one of the coefficients differs from 
zero. A series of the actual wave functions were 
plotted and it was found, in accordance with our 
expectations, that the wave functions in the 
ground state approximate quite accurately to 
linear combinations of the Hermitian orthogonal 
functions centered about the potential minima. 
On the other hand, the wave functions of the 
excited states above the barrier (already for 
states having = 2) closely resemble the sine and 
cosine functions of the free rotator. 

The internal transition probabilities may now 
be evaluated (Eqs. (21) and (22)). These show 
oscillations of the same general character as 
those existing in the energy levels. However, the 
amplitude of the oscillation is small for a 
transition connecting two states which lie well 
below the potential barrier. Thus the maximum 
value of the internal transition probability for the 
transition »=0 to n=1 is 0.0480 while the 
minimum value is 0.0339. As we connect suc- 
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Fic. 5. Values of W, as a function of K for the free rotator. 
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Fic. 6. Fourier coefficients. 


cessively higher and higher states these fluctu- 
ations become more violent. The maximum and 
minimum values for the transitions n=1 to n=2 
and m=2 to n=3 are 0.2706, 0.0225 and 0.8910, 
0.0012, respectively. The fact that the maximum 
value increases as the internal rotation becomes 
more free is connected with the fact that the 
amplitude of oscillation becomes larger as the 
influence of the hindering potential decreases. 
From our definition of the internal transition 
probability it is clear that this quantity will equal 
1 for the allowed free rotator transitions. 

The analysis will enable us to calculate any 
desired portion of the spectrum. We have applied 
it to what may be described as the fundamental 
band, that is, the transition n=0 to n=1. We 
have also applied it to the first upperstage band 
which corresponds to the transition from =1 to 
n=2. The results are shown in Fig. 7. The lines 
in these figures represent zero branch lines and 
refer to transitions in which AJ=0. Each zero 
branch line will be the center for the positive and 
negative branches which will be composed of 
lines having a spacing of h/42°cA =1.57 cm. 
The lines in the positive and negative branches 
result from transitions in which AJ = +1. These 
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lines will generally merge together to form a 
fairly continuous background of absorption. In 
order to calculate the positions of the lines in 
Fig. 7 it was of course necessary to use the total 
energy of the system, that is W. plus the 
symmetrical rotator energy referred to earlier. 
The total intensity of absorption also depends 
upon both the internal and the symmetric rotator 
transition probabilities. It can readily be shown 
that the intensity of a particular line is given by 
the expression, 
JK JK 

Ip = Tr(i — elk?) T2(S yx) *gyKe-W!*T, 
where I is a constant, J* is the internal transition 
probability for this particular transition, and 


JK 
(Sux)? 


is the square of the matrix element of the 
direction cosines using the symmetric rotator 
wave functions. Here g,x is the statistical weight 
of the state and takes into account the affects 
caused by the nuclear spins of the hydrogen 
nuclei in the CH; group. The above formula is 
identical with the usual expression for the 
intensities of the lines of a symmetrical rotator 
except for the inclusion of the factor J? and the 
addition of W, to the energy. 


THE PREDICTED SPECTRUM; CORRELATION 
WITH EXPERIMENT 


We are now in a position to describe the general 
features of the spectrum of methyl alcohol as 
predicted by our model. Since the weaker lines 
arising from transitions in which AJ=+1 will 
usually form a continuous background of ab- 
sorption we will only consider the transitions in 
which AJ =0. The positions and intensities of the 
lines associated with AJ=+1 can be easily 
calculated if necessary. 

Starting in the far infra-red there will be a 
series of groups of lines corresponding to transi- 
tions in which An=0 and AK=+1. Let us 
consider only the lines resulting from transitions 
between states having a certain definite value of 
n. Then each group is a multiplet having three 
members since in absorbtion as K-K-+1, the 
allowed transitions are from a state of the first 
kind to one of the third kind, from one of the 
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Fic. 7. Fundamental band and first upperstage band in 
methyl alcohol. 


second kind to one of the first kind, and from a 
state of the third kind to one of the second kind. 
The average spacing between the multiplets is 
(1/C—1/A)h/42*c=6.6 cm. The positions of 
the lines within any given multiplet depends 
upon the value of K and upon the spread of the 
three levels for the particular m chosen. This 
spread is of course a sensitive function of the 
barrier height. In our calculations the three 
states with n=0 have a maximum separation of 
1.9 cm—'; this leads to a maximum spread of the 
multiplet lines of 2.4 cm~'. The pattern of the 
lines within a multiplet varies rapidly as we go 
from one multiplet to another, that is, as we 
consider different values of K. Measurements of 
these lines, which should be strong in the region 
around 2004 have not as yet been made. A 
knowledge of them would lead at once to a 
reliable estimate of the barrier height. In addition 
to the transitions just described there will be 
transitions between the states m= 1. Since this is 
an excited state the lines resulting will be weaker 
by the Boltzmann factor, which in the present 
case is about 0.18. The maximum spread of a 
multiplet of this series is around 44 cm~'; thus in 
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geneial the spread of each multiplet of this series 
is much greater than the mean spacing between 
multiplets. 

The lines corresponding to the transitions 
An=0 will grow weaker as one proceeds to 
shorter wave-lengths but they will soon be 
augmented by the absorption resulting from 
transitions in which An=1. Thus there probably 
exists no very transparent region in the spectrum. 
A typical transition of the type An=1 is the 
fundamental (n=0 to 1) which has been illus- 
trated in Fig. 6a. It consists of three super- 
imposed bands for the same reason that the 
multiplets of the far infra-red consist of three 
members. Any one of the three bands resembles a 
normal perpendicular band only in the fact that 
the average spacing of the zero branch lines 
within it is (1/C—1/A)h/42°c=6.6 cm—. How- 
ever neither the line spacing nor the line intensity 
is uniform. In each of the three bands the lines 
exhibit the phenomena of bunching together at 
intervals of 6.6(3C/C,) =95 cm. The positions 
of bunching of one band are separated from those 
of another band of the triplet by one-third of this 
amount. This phenomena will probably only be 
evident in the fundamental band. 

High upper stage transitions will eventually 
take place between levels which are so far above 
the barrier that they have all the properties of 
the free rotator levels. These transitions will give 
rise to groups of lines having a spacing between 
groups of h/4r*cC,=39 cm. These groups are 
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undoubtedly the series of absorption maxima 
with this spacing found by Borden and Barker in 
the region around 20x. 

Recently Lawson and Randall? have under- 
taken an investigation of the spectrum of methyl 
alcohol in which they were able to make measure- 
ments in the interval between 20 and 57u. Their 
results show many points of similarity with the 
predicted spectrum. They find an intense ab- 
sorption consisting of irregularly spaced strong 
lines which exhibit the tendency to bunch to- 
gether at intervals. There is everywhere a strong 
background of absorption in which fine lines may 
often be discerned with the expected spacing 
h/4x*cA =1.57 cm. The most intense region of 
absorption occurs at 270 cm—. If we identify this 
with the position of the fundamental (n=0 to 
n=1) we would conclude upon referring to Fig. 3 
that the appropriate barrier height should be 
470 cm~, with an estimated uncertainty of 40 
cm~'. This is of course the value of the barrier 
height when measured from the bottom of one 
of the potential minima. We believe that the 
analysis of hindered rotation which we have given 
contains the essential qualitative features which 
will enable it to explain the spectrum of methyl 
alcohol. In order to obtain a quantitative fit 
between theory and experiment it will be neces- 
sary to evaluate the barrier height with greater 
precision. Further observations, particularly in 
the far infra-red, would furnish the necessary 
information. 
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An experimental method is presented for determining 
directly the voltage-time relationship of a counter wire 
during the interval which begins with the initiation of the 
discharge and ends when the wire has achieved its maxi- 
mum negative potential. The procedure allows for the 
measurement of times ranging from 2.01077 second to 
1.0<X10~ second, and wire potentials between 20 volts 
and 350 volts. Studies indicate that over a considerable 
range of wire and cylinder voltages and wire system 
capacities the relation E=—(Q/c) logio (t/to+1) satis- 
factorily represents the observations. Here E is the 
potential of the counter wire, ¢ the time, Q a function of 
cylinder voltage and ¢) a constant for a given counter. 
t is, of course, measured from the instant when E=0. 
It follows from this relation that the current in the counter 
is inversely proportional to the time (for £>>¢o, which is of 
the order of magnitude of 3.0 10-* second). In a particular 
case where conditions are such that the counter “‘over- 
shoots’’ (the voltage pulse Emax from the counter exceeds 
in magnitude the difference between starting potential 


and cylinder potential) experiment reveals Q to vary with 
the cylinder potential and with the capacity of the wire 
system in a manner determined by Q=cEmax/8, where g 
is a constant and the dependence upon cylinder potential 
is contained in the dependence of Emax upon that quantity, 
For this case of overshooting, the foregoing formula 
results in t=to(10°#/®mas—1). If we confine ourselves to 
constant values of the cylinder voltage, the corresponding 
Q’s are constant, so that cEmax is constant and we may 
consequently write t=to(10%*'@—1) where Q does not 
vary with c. These expressions for ¢ have been established 
by the experiment only for |Z] not in excess of 0.8| Ens! 
and for t>2.0X10-7 second. Discharge characteristics 
were measured for a series of pressures of an argon-oxygen 
mixture and in each case a relation of the logarithmic 
form indicated was found to represent the data. An 
argon-alcohol counter, generally spoken of as ‘‘self- 
quenching,” has characteristics of the same form. When 
cylinder voltage is adjusted for equality of pulse size, fy is 
inversely proportional to pressure. 





INTRODUCTION 


ITH most counter coincidence circuits it 

has been found possible to circumvent the 
necessity for knowledge of the discharge charac- 
teristics of the counters employed. The only real 
assumption usually made is that the counter 
pulses are initiated in a time short compared to 
the time of resolution of the circuit. The amplifi- 
cation required for adding and recording is 
provided and the operation of the circuit as a 
whole checked by comparing counting rates 
taken under various test conditions. Partly as a 
result of experience, and partly as the conse- 
quence of using counters which give a sharp 
initial voltage pulse, it has been possible pro- 
gressively to reduce amplification and achieve 
greater simplicity in circuit design. This ability 
to impose more responsibility upon counters and 
less upon vacuum tubes becomes an increasingly 
important factor as we pursue studies which 
involve excursions into the realm of very short 
times. Here voltage amplification becomes a 
problem in itself, and salvation lies in the fact 
that counters may be used which eliminate the 
necessity for it. There are few studies of this 
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nature where a knowledge of counter discharge 
characteristics would not be of value, and in 
some Cases it is definitely required. 

We may define the breakdown characteristic 
of a Geiger-Mueller counter as the time-voltage 
relationship for the counter wire during that 
interval beginning with the passage of the ion- 
izing particle and ending when the wire has 
achieved its maximum negative potential. This 
definition provides for the possibility of an 
intrinsic time lag in the initiation of the dis- 
charge. Such a lag has been observed." Here we 
are concerned with the time-voltage relationship 
after the discharge has started and its form while 
the potential of the wire is changing to its 
maximum negative value. It is obvious that, for 
any given counter, we need to know how this 
characteristic varies with cylinder voltage and 
the total capacity of the wire system. Since in 
the design of our counters we may vary our 
constants at will, it is important to determine 
the way in which the characteristic is affected by 


1J. V. Dunworth, Nature 144, 152 (1939). 
2C. G. Montgomery, W. E. Ramsey, D. B. Cowie and 
D. D. Montgomery, Phys. Rev. 56, 635 (1939). 
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Fic. 1. Diagram of the analyzing circuit. R; =4.5 x 108 
R,=5.0X 10° ohms; Rg=2.0X 10° ohms; Ry=1.0 X10’ ohms; 


ohms; R2=R;=Re=Rz=3000 ohms; R3=2.0X10' ohms; 
Riw=5.0X 10 ohms; Ru = 1.0 10° ohms. Ci =5.0 10-* pf; 


C2=5.0X10-° uf; C3=2.5X10 wf; Cyg=5.0XK 10 wf; Cs=1.0K10~ uf; Co=1.0X10~ wf; C;=1.2K10 uf; Cs=1.0 
X10~ uf ; Co=5.0K 10-4 uf ; Cro=1.0 XK 1073 wef ; Ci: = 2.0K 107 uf ; Cin =5.0 XK 1073 uf ; Cig =1.0X 107? uf; Cig =1.0X 107 uf ; 


Cys=2.5X 10 uf. Capacities not numbered = 1.0 X 10™ uf. 


cylinder diameter and length, wire size, gas, and 
gas pressure. 

The procedure we present here makes it 
possible to determine these characteristics di- 
rectly, subject to the following limitations: 
(1) No time less than 2.0X10~-? second nor 
greater than 10~* second can be measured. (2) No 
measured time is to be taken as accurate where 
the associated voltage of the counter wire is 
within 20 percent of its maximum negative value. 
(3) Analysis must be confined to counter wire 
voltages lying between 20 and 350 volts. These 
limitations are not ultimate but are the result 
of a certain choice of circuit constants. This 
choice was made in an effort to provide a working 
range of times and voltages which seem to the 
author of greatest interest to those concerned in 
circuit design. 


PROCEDURE AND CIRCUIT ANALYSIS 


The chief difficulty in determining a break- 
down characteristic is the shortness of the times 
involved. Unfortunately no commercially avail- 
able oscillograph can faithfully picture voltage 
pulses of the speeds which concern us most. 
Nevertheless, the satisfying simplicity of directly 
observing the discharge with an oscillograph 


suggests that the procedure which takes its 
place be as direct and simple as possible. We 
make use of a situation in which, with each 
counter discharge, we measure a time, and from a 
single potentiometer setting, the voltage change 
experienced by the counter wire in that time. 
Changing the setting of the potentiometer, we 
measure a series of times which, with their 
associated voltages, constitute the characteristic 
desired. The circuit, as we use it, has the prop- 
erty of a high speed switch. When, at the 
beginning of the discharge, the counter wire has 
reached one or two percent of what is to be its 
eventual maximum negative value, the switch 
is closed. It remains closed until the potential 
of the wire has reached an arbitrarily assigned 
potential. During this interval, charge flows at 
a constant rate into a condenser, producing a 
deflection of an oscillograph which is propor- 
tional to the total charge collected and hence 
proportional to the time interval involved. 

It will be observed in Fig. 1 that, with the 
exception of tube R which reverses the voltage 
of a pulse, and tube A which is an amplifier, 
the arrangement is a direct coupled one. We 
may, therefore, discuss the properties of the 
circuit in terms of the grid potentials of tubes 1 
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Fig. 2A. Static characteristic of the circuit. Note that 
grid voltages are negative. 

and 2 and the plate current in tube 5. The static 
characteristic of the arrangement which is of 
importance to us is shown in Fig. 2A. If we set 
the bias (V2) of tube 2 to a value more positive 
than a certain value Vo, we obtain, when we 
vary V, (the bias of tube 1), the current charac- 
teristic shown. Similarly if we make V,> Vo we 
get the same characteristic upon varying V2. If 
either V; or V2 is fixed more negative than 
another bias, Vo’, the plate current in tube 5 is 
zero (<10-* ampere) for all values of voltage 
which may be assumed by the other grid. 

Figure 2B pictures the potential changes which 
take place on grids 1 and 2 for a single counter 
pulse. Here V; has been set more negative than 
V,’. A consideration of the time constants R:C2, 
R;C, will show that from V2 to é@min the pulse 
shown on grid number 2 is the counter pulse with 
all voltage ordinates reduced by a constant 
factor. Furthermore, it will show that for times 
greater than the-# associated with eémin the 
potential changes are dependent upon circuit 
constants, and only to a small extent upon 
the slow recovery of the counter wire which is 
fixed by the product of Ri3 and the capacity of 
the wire system. The pulse shown on grid 1, 
although initiated by the counter discharge, is 
applied by the plate of the reversing tube R. 
This tube sharpens the pulse at the start, soon 
cuts off, and the grid of tube 1 recovers with a 
time constant (R2+R,)C;. The counter discharge 
causes the grid of 1 to pass through VoV)’ 
twice: first, in a time less than 10-7 second 
(as used), and second, at a time ¢,=10~-* second 
(as used). For all V2 sufficiently positive, so that 
€min > Vo, a quantity of charge proportional to ¢, 
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will flow to the plate of tube 5 (and into say, C,,), 
No reduction in the oscillograph deflections wij 
occur until, upon reducing V2, émin=Vo. For 
values of @min< Vo the deflections observed are 
proportional to ¢, the time required for the grid 
of 2 to pass from V2 to (Vo+Vo')/2. For all 
times greater than ¢ either grid 1 or grid 2 jg 
more negative than Vo’. Both grids then recover, 
and in a few thousandths of a second all poten. 
tials in the system have been restored to their 
original values. 

It will be observed that we have made use of 
the assumption that the dynamic and static 
characteristics of the circuit are the same. We 
know this to be true only when intrinsic circuit 
and tube lags have been eliminated. In the con- 
struction of the circuit all loops were cut to a 
minimum, tubes were mounted horizontally on 
opposite sides of a vertical metal plate with grid 
caps and plate terminals butted together. The 
coupling resistors (3000 ohms) were as low as it 
was possible to use and achieve a tolerably 
sharp cut-off at Vo. Electrostatic shielding was 
made complete and large by-pass condensers 
were used wherever necessary. Considerations of 
the circuit constants led to an estimated lag of 
the order of magnitude of 10-7 second. 

The constant of proportionality, which relates 
changes of grid potential (tube 2) to changes of 
counter wire potential, was determined by apply- 
ing exponential pulses of known characteristics 
to the counter wire by means of a mercury 
switch. The value of émin shown in Fig. 2B was 
measured for each pulse and the relation be- 
tween €min and the maximum negative swing of 
the wire obtained. This relation, as expected, 
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Fic. 2B. a changes which take place on vacuum 
tube grids 1 and 2 due to a counter pulse. 
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is a linear one and remains the same over the 
range of pulse speeds which concern us. 

In order to identify oscillograph deflections 
with measured times, it is necessary to obtain 
the relationship between deflection and the corre- 
sponding quantity of charge deposited upon the 
condenser attached to the plate of tube 5. 
(The variation of Cy—-C;; from 0.0005 yf to 
0.25 uf is large enough to accommodate the wide 
range of measured times.) This calibration is 
obtained by charging Cs to a known potential 
AV and reconnecting it through Ry. to the 
plate of 5. Since RixCsKRs(Cy—Cis) this is 
equivalent to charging the plate condenser in- 
stantaneously by an amount gq=C,;AV. By vary- 
ing AV, calibration curves were obtained for all 
the condensers in the group. 

Having obtained a calibration in the manner 
indicated, it was felt desirable to check the 
procedure and circuit by analyzing pulses of 
calculable forny. The exponentials 


E= — E,)(1—e~*/*) 


are easy to produce and entirely satisfactory for 
our purpose, since a may be varied over our 
entire time range. Such a family of pulses was 
analyzed by the circuit and the resulting pulse 
form compared to that calculated from the 
above equation. In Fig. 3 are shown the calcu- 
lated curves and the measured points. We see 
that for times of a microsecond or greater and 
for voltages within 10 percent of Ey the agree- 
ment is quite satisfactory. For times less than 
10-* second a systematic departure occurs which 
introduces a difference of 20 percent at 510-7 
second and 50 percent at 2.010~’ second. 
However, it will be observed from Fig. 3 that 
the error in time depends upon the measured 
time only and not upon the voltage change 
associated with that time (note the corrections 
ty, te, ts, in Fig. 3). For this reason we are justified 
in making these observed departures the basis 
of a first-order correction in measured times 
under 10-* second. This correction has been 
made on all counter data given in this paper. 
The time departures which occur as we 
approach Ep are to be expected and follow from 
the width of the cut-off Vo, Vo’ and the recovery 
of the grid of tube 2. It is necessary to point out 
that this uncertainty does not apply to our 
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Fic. 3. Analysis of exponentials applied to the counter 
wire by a pulse generator. Solid lines are calculated from 
the equation E= —E,[1—e~-“«]. Points are measured by 
the analyzing circuit. Potentials plotted in a positive 
direction for ease of reading. 


assignment of Eo. This assignment is quite 
accurate; only times associated with voltages 
near Eo are uncertain. Since this uncertainty is 
of such a nature that it depends upon pulse 
form, we have striven for no correction, but 
rather exclude from our counter measurements 
all time data for voltages within some 20 percent 
of the maximum negative value. 


INTERPRETATION OF FIGURES AND DEFINITIONS 
or TERMS USED 


As a counter is customarily used, the wire is 
connected through a high resistance to the 
ground of the system, and the cylinder has 
applied to it a negative potential whose value 
(lying usually between 500 volts and 1500 volts) 
is determined by the gas employed and counter 
geometry. During the discharge period the wire 
goes negative, reaches a minimum potential as 
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Fic. 4. Family of breakdown characteristics of an argon- 
oxygen counter. Cylinder potential is constant. The counter 
wire capacity was varied by adding a series of capacities 


to ground. 


the active part of the discharge ceases, and then 
recovers slowly with the charge on the wire 
leaking off through the resistance. When we 
speak here of voltage maximum of the counter 
wire we refer to the absolute value of the poten- 
tial, or the maximum negative value. In order to 
facilitate reading of the curves, we have plotted 
voltages as positive, so that in each case the 
ordinates represent the negative of the potential 
of the counter wire. It is sufficient to define 
starting potential as that potential of the 
cylinder for which the pulses are of equal size 
and have a magnitude of a volt or so. When the 
cylinder is ‘“‘above’’ the starting potential, it is 
understood that ‘‘above’’ means in absolute 
value. By ‘‘overshooting of the counter wire”’ is 
meant that the discharge has proceeded until 
the potential between wire and cylinder is less 
than the starting potential. Over-voltage is the 
difference in the absolute values of the cylinder 
potential and starting potential. 
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EFFECT OF WIRE CAPACITY AND 
CYLINDER POTENTIAL 


In Fig. 4 is shown a family of breakdown 
characteristics obtained by adding successively a 
series of capacities between the counter wire 
system and ground. The counter employed here 
is of a type of which several hundred have been 
made and used at the Bartol Foundation. The 
cylinder is oxidized copper, 15 cm long and 1 cm 
in diameter, the wire 3-mil tungsten. The counter 
is filled with an argon-oxygen mixture (94 per- 
cent argon, 6 percent oxygen), employing the 
technique developed at the laboratory by Dr. G, 
L. Locher.’ In Fig. 4A, measured voltages are 
plotted against times, and in Fig. 4B, they are 
plotted against the logarithms of the times to 
the base 10. For case (1), in which no added 
capacity to ground is involved, we obtain a 
linear relation between wire voltage and log ¢, 
This may be expressed by an equation of the 
form 


E=-k log 10 (¢/to+1), 


where k is the slope of the logarithmic curve and 
to the intersection with the time axis of the 
extrapolated line (here 3.6X10-* second). It is 
to be understood, of course, that there is no 
experimental justification for assuming anything 
concerning the nature of the discharge for times 
shorter than those actually measured. There- 
fore, our equation has significance only over the 
measured range of times and voltages. It is 
possible to draw a family of single straight lines 
through the points for added capacity. If repre- 
sented in this way, the conclusions concerning 
the nature of the discharge remain the same as 
those drawn from the family represented in 
Fig. 4B. It will be observed that, as the curves 
are drawn, a break appears in each logarithmic 
curve. These breaks seem to the author too 


TABLE I. Showing the constancy of the product of wire 
capacity and k for the logarithmic curves in Fig. 4B. 








c (FARADS) ck (COULOMBS) 
x10" X10°=Q 





VoLts 
13 115 1.49 
18 87 1.56 
23 65 1.49 
28 55 1.54 
38 40 1.52 
63 24 1.51 








3G. L. Locher, Phys. Rev. 55, 675 (1939). 
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pronounced to be accounted for by experi- 
mental uncertainties. While they are suggestive 
of secondary ‘“‘breaks”’ in the discharge, they are 
indicated here as phenomena of rather uncertain 
significance. If we measure the slopes of the 
lower portions of the curves in Fig. 4B (or the 
slopes of single straight lines drawn through all 
the points) we find the product of slope and 
capacity to be constant.* This is shown in Table I. 
We are thus justified in representing this family 
by an equation of the form 


= —(Q/c) logio (¢/to+1), (1) 
where Q is a constant for the family. Charac- 
teristics B and C, Fig. 5, for an argon-alcohol 
counter (usually spoken of as self-quenching) 
may be represented also by an equation of this 
form. Observe that no secondary break appears 
in the characteristic when capacity is added to 
the counter wire. 

It follows from the empirical equation that 
cdE/dt= —Q/(¢+to). The fact that the current 
in the counter is inversely proportional to the 
time,’ since tp is small compared to the measured 
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Fic. 5. Breakdown characteristic (c=15 wuf) for argon- 
oxygen counter at 12 cm pressure compared with argon- 
alcohol counter at 11 cm pressure. 


* Note added in proof.—The lowest capacity of 13 pyuf 
shown in Table I is that value which, added to the known 
capacities of 5 wuf, 10 wuf, 15 wef, 25 wuf, and 50 uuf, leads 
to the constancy of ck. There is now some evidence from 
another investigation suggesting that this value is some- 
what higher than the true lowest capacity. If so, we should 
write, wherever c appears in our equations, c+ co, where ¢ 
is the true wire capacity and co is a constant whose value 
cannot exceed 5 wuf. Such a modification does not alter in 
any way the practical conclusions drawn here, nor does it 
change the essential features of the theory. It intimates a 
possible interesting extension of the mechanism involving 
the propagation of the discharge along the length of the 
counter. 

‘A. Trost, Zeits. f. Physik 105, 399 (1937), finds that 
the pulse maxima from an alcohol counter vary with the 


GEIGER-MUELLER COUNTERS 1027 


“VOLTAGE OF COUNTER WIRE 





° ' 2 3 4 
TIME IN MICROSECONDS 





oo 8ih.«cca 





Nn 
§ 
. 
' 
Nn 
+ 
- 





SS 








—VOLTAGE OF COUNTER WIRE 
= FI 
NN 
\N 
kts 
a. ¥ ‘ 
\ ‘ 3 
—| 
1 




















ct& JF i 3} waewdewassoeed 
eee Ls 
4 
/;——— 
efee’ _« 
ele 
d s=-"| 
a9 -% -4«p -%0 -49 


Fic. 6. Family of breakdown characteristics obtained by 
maintaining wire capacity constant at 13 wf and varying 
cylinder voltage. 


values of ¢#, and does not depend upon the 
capacity of the wire system is of great practical 
significance in the design of circuits employing 
Geiger-Mueller counters. An examination of the 
characteristics shown in Figs. 4 and 5 empha- 
sizes the necessity of reducing wire capacity to 
an absolute minimum in all cases where great 
speed is desired. Particularly is this true where 
large portions of the total counter pulse are 
required in the operation of a circuit. 

The success of this simple empirical expression 
suggests that for the discharge mechanism we 
may formulate a correspondingly simple picture. 
This picture and its theoretical consequences 
have been developed by C. G. Montgomery and 
D. D. Montgomery, and the reader is referred to 
resistance connected to the wire, in such a manner as to 
lead to this conclusion concerning the current. Unpublished 
measurements made by D. B. Cowie and the author in 


1934 also lead to this interpretation. Refer to paper (this 
issue) by C. G. Montgomery and D. D. Montgomery. 
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TABLE II. Summary of pressure data. Cylinder potential in each case was adjusted until the counter pulse was 290 volts 
S.V. is starting voliage, W.V. is working voltage of the counters. . 












ee 
i (SEC.) X10’ FOR WIRE TO REACH VOLTAGE INDICATED 








NATURE OF COUNTER P S.V. W.V. Q, CouL. to 

cM VOLTS VOLTS 10° 108 || 114 «8131 =6145 163 181 199 217 234 259 

Argon-Oxygen 3 656 730 2.2 6.4 43 5.9 7.9 105 14 19 25 
6 728 840 1.8 3.11125 3.5 4.9 6.8 8.7 13 17 28 «38 
9 799 928 1.7 2.3 || 2.4 3.1 4.4 6.0 8.2 11 18 27 44 
12 880 1020 1.6 1.7 2.9 4.3 5.6 8.7 12 21 30 59 
15 944 1094 1.4 1.4/2.2 3.3 4.9 68 105 15 31 52 86 

Argon-Alcohol 11 808 1023 1.6 3.8 |} 45 64 82 15 25 38 60 102 

















their paper in this issue for a discussion of the 
theoretical significance of these measurements. 

The characteristics shown in Fig. 6 were 
obtained by varying the cylinder voltage and 
maintaining constant the capacity of the wire 
system. The tube is the same argon-oxygen-filled 
counter whose capacity characteristics have been 
described. We observe again a family of curves 
which may be represented by equations of the 
form 

E=—k logio (¢/to+1). 

The lack of data for certain ranges of voltage is 
to be accounted for by the two restricting 
instrumental limitations previously mentioned: 
namely, that times less than 2.0X10~-7 second 
cannot be measured, and again that measured 
times associated with voltages near the maximum 
are not to be relied upon. We observe that over 
the measured range of times and voltages the 
counter wire has achieved (for each cylinder 
potential) about the same percentage of its 
maximum voltage in any given time. The ex- 
trapolation of the curves for times greater than 
those actually measured is intended to be only 
suggestive. It is of interest to note however, 
that these extrapolated curves do reach the 
maxima at about the same time. It will be clear 
that we have assumed some liberty in assigning 
a common fp to this family of curves. Actually 
the data permit a small range of values for éo. 
Theoretical considerations lead to the conclusion 
that #) depends upon the magnitude of the 
cylinder voltage, so that it might be expected to 
vary from one member of the family to another. 
However, as the change in cylinder voltage is 
less than 10 percent, this variation is likely to 
be small. 

For the four lowest capacities indicated in 
Fig. 4, and for all cases in Fig. 6, the counter 





wire is ‘‘overshooting.”” The measured maxima 
are the real maxima and seem to be reached in 
very short times (of the order of 10-5 second), 
For the two largest capacities the real maxima 
cannot be measured,° but by shifting Vi we may 
measure the rate of change of potential from 
5.0 10-5 second to 2.0 10~- second. We find in 
these latter cases that the potential is still 
changing at 10~‘ second and has not reached its 
maximum at 2.0X10~* second. Reference may 
be made to the paper by C. G. Montgomery and 
D. D. Montgomery in this issue for a discussion 
as to the significance of this fact and its relation 
to the difference between “fast” and “slow” 
counters. Within the accuracy of the measure- 
ments, we may say that the maximum negative 
potential of the wire, where overshooting takes 
place, is inversely proportional to the capacity 
of the wire system. 

From the measurements taken with varying 
potentials, when the counter wire is overshooting, 
Q=cEmax/B, where Emax is the pulse size and g 
is independent of cylinder potential and the 
capacity of the wire system. Eq. (1) may be 
written, therefore, 


E=(Enmax/B) logio (t/to+1). (2) 


This relation holds if Emax is varied as a con- 
sequence of changing cylinder potential or wire 


capacity. 

In coincidence circuits we are concerned with 
the time required for the counter wire to reach 
a certain potential EZ, where E is the smallest 


5 A consideration of Fig. 2B will show that ¢, is the longest 
time which can be measured by the circuit. Where the 
minimum potential of the counter wire is reached in a time 
greater than ¢, it is not possible to measure the value of 
€min, but only the potential reached by the wire at the time 
t.. By changing V;, ¢. may be varied from 5.0 X 10~* second 
to 2.0X10~ second. If, upon varying ¢., oscillograph de- 
flections always start to diminish for the same V3, it 
follows that the value of ¢ at this point is émin. 
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change which will operate one adding unit. 
In order to emphasize the importance of con- 
trollable factors upon this time, we may solve 
for t from Eqs. (1) and (2) and obtain the 
relations 


t=to(10%«/@—1) (3) 
for cylinder potential constant 
t= to(1084/ Bmax — 1) (4) 


for all values of c and all cylinder potentials. 
Eq. (4) is true only when the counter wire is 
overshooting. It is observed how critically ¢ 
depends upon the minimum E required by the 
circuit, the capacity of the counter wire system, 
and the total size of the voltage pulse. It is 
evident what precautions should be taken to 
make ¢ as small as possible. The practice of 
connecting together the wires of a large number 
of counters and using a single resistance for the 
group is not to be recommended where speed 
considerations are involved. A counter which is 
quite satisfactory alone may be useless as a 
member of such a group where the wire capacity 
is necessarily so large. It is fortunate that ¢ 
varies so Critically with Ewsx for it is possible to 
compensate for a large c or a large minimum E 
by raising the cylinder voltage and increasing 
the puise size.® 


EFFECT OF GAS PRESSURE 


In comparing breakdown speeds at different 
pressures it is necessary to specify under what 
potential conditions the observations are to be 
made. If observations are made with a fixed 
cylinder potential, pulse sizes vary so widely 
that there would be little meaning to com- 
parisons in this case. Rather more fundamental 
for practical circuit problems is the fixing of 
maximum pulse size. As a rule, this size can be 
estimated by the experimentalist from measure- 
ments with his coincidence circuit. In all the data 
given in Table II the cylinder potentials were 
adjusted until the measured pulse sizes were the 
same, and equal to 290 volts. The studies were 
made with counters similar to the one previously 

*The counters used for the measurements described in 


this section were taken from the —~ of counters previ- 
ously employed (reference 2) for the detection of the dis- 


integration of slow mesons. The present measurements 
thus form the experimental verification that the counter 
breakdowns were sufficiently fast to be neglected in the 
former experiments. 
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described, except that the cylinders were 20 cm 
in length. Two counters were filled with the 
argon-oxygen mixture at each of the pressures 
indicated in the Table, and two counters were 
similarly filled with an argon-alcohol mixture 
(90 percent argon, 10 percent alcohol) to a 
pressure of 11 cm. In all cases the data may be 
represented, over the measured range of times 
and voltages, by an equation of the form 


E=-—k log (¢/to+1), 


where, of course, k and é are functions of pres- 
sure. In Table II is indicated pressure, starting 
potential, working potential, to, Q, and a series 
of times which are required for the counter wire 
to achieve the indicated potentials. It will be 
observed that ¢ is inversely proportional to the 
pressure. Just what, if any, significance is to be 
attached to the simplicity of this relationship 
is not clear. In Fig. 5 are graphs for the alcohol 
counters and, for comparative purposes, the 
curves for a 12-cm argon-oxygen counter. We 
conclude from this comparison that, in spite of 
the slightly higher pressure, the argon-oxygen- 
filled counter has a faster breakdown. Referring 
to the table, we see that a higher over-voltage 
must be applied to the alcohol counter in order 
to obtain the same pulse size. 

Although the time required for the counter 
wire to reach its maximum negative potential 
increases with pressure, far more significant for 
the purposes of circuit design are the similarities 
of the characteristics. Although the pressure 
varies by a factor of five, the potential may be 
adjusted so as to achieve practically the same 
speed of breakdown. It is of interest to note that 
the 3-cm counter, working at only 74 volts 
above the starting potential, has a pulse maxi- 
mum which is more than four times the over- 
voltage. With a 15-cm pressure counter, it is 
necessary to go 150 volts above the starting 
potential in order to achieve the same pulse size. 

The author desires to express his appreciation 
to Dr. W. F. G. Swann for his kindly interest 
and criticism. It is also a pleasure to thank Dr. 
and Mrs. C. G. Montgomery for many helpful 
discussions and suggestions and Mr. D. B. Cowie 
for his participation, with the author, in an unpub- 
lished investigation which established the order 
of magnitude of the times reported in this paper. 
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The Discharge Mechanism of Geiger-Mueller Counters 
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The measurements of W. E. Ramsey on the variation with time of the potential across a 
Geiger-Mueller counter (see preceding paper) are interpreted on the basis of the inductive 
action of the positive ion space charge moving across the counter. This inductive action, to- 
gether with the hypothesis that the positive ions may eject electrons when they reach the 
cathode, furnishes a reasonable explanation of both the fast and slow types of breakdown of 
counters. This postulated mechanism leads to simple explanations of the quenching of a 
counter discharge and the necessary conditions for the maintenance of a steady discharge. 
In particular, it is predicted and verified experimentally that it is possible to operate a counter 
even when the potential is considerably in excess of that required for a continuous discharge, 
provided that the capacity of the counter wire is sufficiently reduced. A simple, although 
indirect, method is described for measuring the breakdown characteristic of a counter which 
gives results in good agreement with the direct determinations of W. E. Ramsey. 





1. INTRODUCTION 


HE technique of the preparation and the 

proper use of Geiger-Mueller counters is 
beset by many difficulties, not the least of which 
are the numerous statements of the mechanisms 
and behavior of counters under particular condi- 
tions which are so voluminous and self-contra- 
dictory as to cause extreme confusion. Indeed, 
our understanding of counter behavior is so 
vague that only recently it was stated that ‘‘the 
use of Geiger counters . . . has been practically 
abandoned because they have been found to be 
unreliable.’’ ! The excellent measurements of the 
variation with time of the potential across a 
counter described in the preceding paper by 
W. E. Ramsey’ suggest an explanation of the 
discharge mechanism which allows the clearing 
up of many inconsistencies in the behavior of 
counters as recorded in the literature of the 
subject. We wish to outline this mechanism in 
some detail below, and endeavor to show which 
features of counter behavior can be removed 
from the realms of magic to simpler planes of 
thought. 


2. THE DISCHARGE MECHANISM 


Let us suppose for convenience that the 
cylinder of the counter is at zero potential and 
the wire at some high positive potential. Then if 


10. S. Duffendack, H. Lifschutz and M. M. Slawsky, 


Phys. Rev. 52, 1231 (1937). 
2 W. E. Ramsey, Phys. Rev., this issue. 
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one or more ion pairs are produced within the 
counter, the electrons will be accelerated toward 
the wire. When they reach the high field region 
in the neighborhood of the wire, they will 
produce ionization by collision, and the number 
of electrons will grow to a large value if the wire 
potential is sufficiently high. It may be that this 
multiplicative process involves the emission of 
photons which eject photoelectrons from either 
the gas or the counter cathode,* which also 
multiply when they have come near the wire. At 
any rate, the total number of positive ions will 
increase until their space charge so decreases the 
field near the wire that ionization by collision by 
electrons no longer takes place. Since the mobility 
of electrons is much greater than that of positive 
ions, we may suppose that all electrons are col- 
lected on the wire before the positive ions have 
moved appreciably. The average distance which 
the electrons move before collection is extremely 
small, always less than a wire diameter, and con- 
sequently the change in potential produced by 


‘this motion is small and may be neglected. The 


production of new ions has ceased, and the 
positive ions now move outward from the wire. 
As they move the potential on the wire changes, 
but nothing else occurs until the ions reach the 
cathode surface. Here, if the conditions are 
suitable, they may eject further electrons‘ which 
are accelerated to the wire and the whole process 


3 E. Greiner, Zeits. f. Physik 81, 543 (1933). 
‘A. von Hippel, Zeits. f. Physik 97, 455 (1936). 
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repeats itself if the potential of the wire is suf- 
ficiently high at this time. If the potential is too 
low, the succeeding multiplication will be small 
and produce only a small additional change of 
potential. If no electrons are ejected, the dis- 
charge is completed in the first stage. We shall 
show below that this critical potential is close to 
that ordinarily designated as the starting poten- 
tial. We now proceed to show how well the 
mechanism described above furnishes a satis- 
factory explanation of many observations of the 
behavior of Geiger counters. 


3. THE INTERPRETATION OF RAMSEY’S 
EXPERIMENTS 


W. E. Ramsey has expressed the principal 
result of his measurements of the time variation 
of the wire potential by the empirical relation 

V=Vo—(k/C) log (¢/to+1), (1) 

where V is the potential of the wire at the time é, 

V, the potential at the time ¢=0, C the capacity 

of the counter wire and the bodies connected to 
it, and #) and & are empirical constants. This 
expression is valid over a considerable variation 
of the conditions as is evident from Ramsey’s 
Figs. 4 and 6. For a particular counter, k depends 
only upon Vo, and éo is a constant. According to 
the picture of the discharge mechanism stated 
above, the variation of potential expressed by 
this formula merely represents the potential 
changes of the wire caused by the inductive 
action of the positive ions as they cross the 
counter. It is therefore possible to submit the 
matter to calculation. Unfortunately, we are 
handicapped greatly by our almost complete 
ignorance of the mobility of a positive ion in the 
extremely high fields which are present in a 
counter. We expect the mobility not to be a 
constant, but to depend upon the field strength, 
and in perhaps quite a complicated manner.® It 
is possible, however, to show that for reasonable 
forms of the variation of the velocity of the ions 
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with field strength, the wire potential will be 
given by an expression of the same form as 
Eq. (1). 

Let Q be the charge per unit length on the 
counter wire, and let us assume that there is a 
space charge sheath, of negligible thickness and 
of charge g per unit length, of positive ions at a 
distance r from the axis of the counter wire, 
extending for a length / along the counter. The 
wire potential, V, will be given by 


"20Q+q) fp’? 

= f mn f 20 
r r te 7 

where r. and r~ are the radii of the counter 

cathode and wire, respectively. If ¢ is the ca- 


pacity per unit length of the counter, 
1 


¢ = ————— , 
2 log (%-/Tw) 


V =Q/c+2g¢ log (r./r). (2) 


Let C; be the capacity of that portion of the wire 
not surrounded by the positive ion sheath, 
together with the other bodies attached to the 
wire, and let Q, be the total charge on them. Then 
we also have 


and 


V=Q,/Ci. (3) 


If the electrons which were formed in the counter 
have been collected, then we have a relation 
between the charges: 


Ql+Q1= Vo(cl+Ci) —dl. (4) 
We can eliminate Q and Q; from (2), (3) and (4) 
and obtain 
log 7/Tw 
V= V¥.—24(—="=_), (5) 
1+(C,/cl) 


The time at which the ion sheath is at a distance 
r from the counter axis may be written 


f dr 
t= " 
Tw dr/dt 





Using (5) we may express ¢ in terms of the potentials: 








cl+ Ci 
exp | ———(Vo— V | 
Yo r.(cl+C,) 2qel 
t= f dV. ; (6) 
v 2qel dr/dt 


*See, for example, A. V. Hersey, Phys. Rev. 56, 908, 916 (1939). 
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If we knew the mobility of the ions, we could express the velocity, dr/dé, in terms of the field strength 
E and hence in terms of V, and our problem would be completely solved. Lacking this information, 


we must assume some functional form for dr/dt. 





Let us take, for example, 














dr/dt=aE’, (7) 

and obtain an expression for E from (3), (4) and (5). Then, 

dr 2Vo(edl+C,) —2VCi}* cl+C, 

| lo (Vo- v)| 

dt Ir. bey 
and 

ex ae” Guy V 
Pret 7l+C:\ cp | Qqcl 
smenete nm 
a 2qel [2Vo(cdl+C,) —2VC, }* 


If \ is not too large we may write 





(= 1 
. 2qel 


[2 Vo(el+ C;) —2 ViC, } 


Vo cl+ Ci 
f exp « +r)———-(Vo- v) |e V, 
Vv 2qel 


where V; lies between V and V» and is close to V. We can now integrate and obtain 


D>r,,1+> 1 








- 1+d 
a(1+2) aa GITavEA” aL wy 2gel 


We make no serious error by taking Vi= V. For 
\=0 the approximation is exact; for \=1 the 
exact integration, with the insertion of appro- 
priate values of the constants, gives a result 
which differs from the above approximation by 
less than 5 percent over the ranges of variation 
considered here. This is precisely the same form 
that Ramsey finds empirically to represent his 
results as expressed in Eq. (1). A comparison 
allows us to evaluate the empirical constants, 
and since cl+C,=C, we have 





k=2qel/(1+d), (10) 
and 
| ie [ 1 
= : (10a) 
a(1+r)L2VoC—2ViC; 


Thus g and therefore k depend only on Vo, and 
to is independent of. Vo if \ is sufficiently small. 
The observations represented in Ramsey’s Figs. 
4 and 6 indicate that d is about 0.2, and hence éo 
is very nearly a constant. It might seem that 
Eqs. (10) and (10a) merely replace the two 
parameters, k and ¢, by three others: gi, \ and 
a, so that we have gained nothing by these cal- 
culations. Actually this is not so, and therein lies 
the whole importance of the present interpreta- 


ae v)|-1). (9) 


tion. According to the mechanism outlined above, 
if the wire potential is below a certain critical 
value at the time the ions reach the cathode, any 
electrons that may be formed do not multiply 
greatly and hence do not contribute to the change 
of potential of the wire. The calculations given 
here allow us to find this time. The maximum 
value of Vo— V is given by 


and if this be substituted in expression (9), we 
find that the time, #,,, at which the ions reach the 
cathode is given by 


tm = tol (?-/%w)'** — 1]. 


tm may be determined from the experiments by 
an extrapolation of the lines in Ramsey’s Figs. 
4 and 6 until they reach the maximum value of 
Vo— V. It is to be noticed that all the lines in 
Fig. 6B and the lines for the four lowest capaci- 
ties in Fig. 4B agree, within the accuracy of the 
measurements, in giving the same #¢,, of a little 
less than 10-* second, as they should if our 
picture is correct.f In the case of the two largest 





t The values of ¢,, given above neat the actual times 
of traversal of the positive ions only if the assumed varia- 
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capacities, we note that Vo— V has not attained 
its maximum value at this time. We therefore 
conclude that further multiplication must take 
place. Since V at this time is still above the 
starting potential of the counter, any electrons 
ejected from the cathode by the positive ions can 
still multiply themselves by large amounts, and 
we will have a repetition of the original process. 
We therefore conclude that the critical potential 
is close to the starting potential of the counter, 
as we should expect. The observations upon 
other counters under different conditions re- 
ported by Ramsey all seem to satisfy equally 
well the requirements of the picture that we 
have described.* 

The particular values of the arbitrary con- 
stants which best satisfy the observations may, 
of course, be easily derived. For example, in the 
case of the top-most line in Ramsey’s Fig. 4B, 
the constants taken from experiment are 


fp =3.5X10-8 sec., tm=1.2X10-5 sec., 
k=1.98 e.s.u. 


The constants in our calculated expression 
derived from these are 


a=2.5X10'e.s.u.; A=0.2; gl=11.6e.s.u. 


Likewise, from the series of observations at dif- 
ferent pressures, where the potentials were 
chosen to give the same value of gi (i.e., the same 
pulse size), it can be shown that both a@ and 
increase with increasing pressure. We do not 
wish to emphasize particularly this feature of the 
calculations. It does give us some information 
about the motion of the ions in high fields, but 
under very special conditions. It is quite possible 
that the velocity of the ions calculated in this 
manner is not equal to the product of the mobility 
and the field strength at each point in the 


tion of the velocity with field strength is also valid in the 
region of low field strength near the cathode. This is prob- 
ably not the case, and the actual times of traversal are 
probably longer. ¢, will however be proportional to the true 
traversal times, and the validity of the arguments presented 
here will be unaffected. 

*We omit from consideration such phenomena as are 
represented by the secondary “breaks” in Ramsey's 
Fig. 4B, since the experimental evidence for their existence 
appears to be still uncertain. It may be noted, however, 
that when the wire capacity is large, the field in the 
neighborhood of the wire may be sufficiently high so that, 
if additional ion pairs were formed in the counter before 
the positive ion sheath has reached the cathode, the elec- 
trons so produced would be able to multiply and produce 
a break of this kind. 
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counter. The field is such a rapidly varying 
function of the distance that the ions may not 
reach a steady state. If this be the case, the field 
dependence of the ion velocity is not given by (7) 
in general, and the assumption of this particular 
form should be interpreted as the expression 
equivalent to the assumption that, for our par- 


ticular field distribution, the velocity varies as 
ee 


4. BREAKDOWN MEASUREMENTS OF OTHER 
OBSERVERS 


We may notice from the above discussion of 
Ramsey’s experiments that there are two distinct 
types of potential variation occurring in a 
counter. If the potential is high, and the capacity 
low, the potential will change rapidly, and the 
change will be complete in the time necessary for 
one traversal of the positive ions across the 
counter. When this is the case, the wire potential 
is below the starting potential at its minimum 
value. If the capacity is high, the wire potential 
will be above the starting potential when the 
first spurt of ions reaches the cathode. The dis- 
charge will then not be completed in the first 
stage, and the time necessary for the wire poten- 
tial to reach its minimum value will be longer. 
Thus we have inseparably connected two 
phenomena: a fast breakdown is always associ- 
ated with a pulse size greater than the difference 
between the original potential and the starting 
potential. This latter phenomenon, which may 
be termed “‘overshooting,’’ was first recognized 
by Medicus,* and its existence has been both 
doubted and confirmed many times. Danforth,’ 
of this laboratory, showed that the amount of 
overshooting decreases with increased capacity 
of the counter wire. This probably explains why 
some observers did not find the phenomenon, as 
quite often large capacities were connected to 
the wire. Medicus reports that the time of 
breakdown of his counters was less than 10-5 
second, in agreement with Ramsey’s observa- 
~ ** Observations made subsequent to these considerations 
indicate that the quantity gi is not strictly independent of 
the capacity of the wire. This does not alter the picture 
of the discharge mechanism presented here, but suggests 
an interesting extension of the picture in regard to the 
pocenention of the discharge along the length of the counter. 

footnote added in proof to W. E. Ramsey’s paper. 


*G. Medicus, Zeits. f. Physik 74, 350 (1932). 
7™W. E. Danforth, Phys. Rev. 46, 1026 (1934). 














T 
100 
VOLTS ABOVE STARTING POTENTIAL 


Fic. 1. The amount of charge formed in a counter which 
overshoots, as a function of the potential above the 
starting potential applied to it. 


tions. On the other hand, Trost® reported some 
oscillographic measurements of breakdown of 
counters (also not containing an organic vapor) 
which took up to 10-* second to come for com- 
pletion. However, Trost’s measurements were 
made with a capacity of nearly 50 centimeters 
connected to the wire. Presumably, therefore, 
Trost’s counters did not overshoot and the 
discharge was made up of many stages. It is 
possible from the calculations presented above 
and Ramsey’s observations to show in greater 
detail just what is taking place in the latter case. 
Let us consider the case of the counter 15 cm 
long filled with argon-oxygen mixture at 9 cm 
pressure when the capacity of the wire is 63 uyf. 
The initial portion of the breakdown has been 
measured by Ramsey and is shown as the lowest 
curve in his Fig. 4B. The counter wire was 
initially 157 volts above the starting potential. 
After the first spurt of ions had crossed the tube 
the wire potential was still 89 volts above the 
starting potential. Hence the electrons ejected by 
the ions from the cathode would be multiplied 
to a large extent. Just how much charge was 
formed at this second stage may be obtained 
from Ramsey’s observations of the maximum 
voltage change of the wire as a function of the 
wire potential. These observations are repre- 
sented in Fig. 1. From this charge we can find 
the potential of the wire after the second spurt of 
ions had crossed the tube, and again from Fig. 1 


* A. Trost, Zeits. f. Physik 105, 399 (1937). 
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the amount of charge formed in the third anq 
succeeding stages. In this way we can construct 
the discharge curve shown in Fig. 2. If we employ 
an oscillograph and photograph this phenomenon, 
we shall obtain a record only when the spot js 
not moving too rapidly and we have attempted 
to indicate the appearance of the photograph by 
shading in the figure. The striking similarity of 
this figure to the photographs of Trost, par. 
ticularly those on pages 424 and 425 of his paper, 
seems to be quite convincing evidence of the 
essential correctness of the picture of the 
mechanism presented here.* 

The recently reported experiments of Shive® 
on the modulation of Geiger counters furnish 
further confirmation of this picture. Shive’s 
counter A does not overshoot and has a long 
breakdown time. With his counter B, Shive 
observed the transition from a slow breakdown 
to a fast one as the potential on the counter was 
increased, and at the same potential at which the 
counter began to have a fast breakdown it began 
also to overshoot. Thus Shive’s observations are 
in precise agreement with our expectations, 
However, Shive interprets his observations in 
terms of two distinctly different mechanisms of 
counter action, an interpretation with which we 
must disagree. 


5. THE QUENCHING MECHANISM 


One of the aspects of counter behavior most 
difficult to understand, if one may judge cor- 
rectly from the volume of discussion in the 
literature concerning it, is the means by which 
the counter discharge is stopped after it has been 
initiated by an ionizing ray. The considerations 
of Section 2 allow us to make a more detailed 
examination of the phenomenon. It is evident 
that the initial multiplicative process of the 
formation of electrons by collision must be 
accompanied by the building up of a positive 
spcae charge in the neighborhood of the wire. 
We have postulated that this space charge is 
sufficiently large to terminate the production of 
new electrons until the space charge has moved 
away. Thus at this point we may say that the 

* W. E. Ramsey has recently obtained a series of oscillo- 
graphs which show the multiple character of the discharge 
process very beautifully. They will be published soon in 


the Journal of the Franklin Institute. 
9 J. N. Shive, Phys. Rev. 56, 579 (1939). 
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first stage of the discharge is already quenched. 
This quenching has been accomplished before 
the positive ions have moved away from the 
wire, and hence before the potential of the wire 
has appreciably changed. This action of the 
space charge has been invoked by other inves- 
tigators, principally by Trost* who applied it to 
explain the action of counters containing alcohol 
or other organic vapor. We generalize this to 
apply to other counters, and particularly to the 
type of counter investigated by Ramsey. As the 
positive ions move outward, the wire potential 
will change in the manner calculated in Section 
3. We must now distinguish two cases. In the 
first case, either no additional electrons are 
produced when the positive ions strike the 
cathode, which seems to be the case with 
counters containing organic vapors,* or the wire 
potential is at this time below the starting po- 
tential, that is, the counter overshoots, so that 
the additional electrons which are produced are 
unable to multiply appreciably. In this case the 
whole process is now complete, and the wire will 
recover its original potential by the leakage of 
charge across the high resistance connected to it. 
In the second case, the wire potential is still 
above the starting potential when the first spurt 
of positive ions ejects electrons from the cathode 
and the discharge will proceed by successive 
stages as shown in Fig. 2. It is evident from Fig. 1 
that if the first stage of the discharge is insuf- 
ficient to bring the wire below the starting 
potential, no succeeding stage can do so. The 
successive spurts of charge become smaller and 
smaller, and the potential of the wire will 
asymptotically approach the starting potential. 
The number of electrons ejected by each spurt 
of ions likewise becomes smaller, and the prob- 
ability that no electron be ejected by the ions at 
any one stage becomes larger. When no electron 
is ejected, the process will, of course, be ter- 
minated. That a statistical process is important 
in counter behavior has been postulated by 
several investigators” independently, although 


*It should be remembered that counters containing 
Organic vapors are generally operated at a potential below. 
that at which a steady discharge is possible, while other 
counters are operated at potentials above this point. 

* A. Nunn May, Proc. Phys. Soc. London 51, 26 (1939); 
C. van Geel and J. Kerkum, Physica 5, 609 (1938); R. 
Schade, Zeits. f. tech. Physik 19, 594 (1938). 
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in each case somewhat different points of view 
have been adopted. The observations of Dan- 
forth’? make very obvious the statistical nature 
of the time of discharge when large capacities are 
connected to the counter wire. We may perhaps 
summarize these points by stating in the usual 
jargon that “all counters are self-quenching if 
they overshoot, and if they do not, the inherent 
instability of the discharge will cause the 
discharge to be extinguished.” 

The action of the various vacuum-tube 
quenching circuits" is quite easily understood 
when considered from the point of view pictured 
here. The electrical circuit is so arranged that the 
initial portion of the voltage change of the wire 
is amplified and the wire potential made to 
change by a larger amount. If sufficient ampli- 
fication is employed it is always possible to have 
the wire at a potential below the starting poten- 
tial when the first spurt of positive ions reaches 
the cathode. Thus the series of spurts is broken 
and the counter then recovers. 

It is unfortunate that the term ‘quenching 
resistance”’ has been applied to the high resist- 
ance customarily attached to the counter wire. 
It is obvious that the resistance actually hinders 
the stopping of the discharge by allowing charge 
to leak across it, and so helping the wire to 
maintain its original potential. It would be more 
nearly correct to say that the discharge stops in 
spite of the resistance. The true purpose of the 
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Fic. 2. Discharge curve of a counter with a large capacity 


connected to the counter wire. 


uT. H. Johnson, Rev. Sci. Inst. 9, 218 (1938), and 
references given therein. 








































resistance is, of course, to allow the counter wire 
to recover to its original state after the discharge 
has stopped. There is one empirical fact in this 
connection that can easily be explained according 
to the above considerations. It is commonly 
known that a counter with a cylinder of large 
diameter generally requires a higher “‘quenching 
resistance’’ for satisfactory performance than one 
with a small cylinder. With a cathode of large 
diameter, the positive ions take a longer time to 
cross from the wire so that the potential of the 
wire must not be allowed to recover for a longer 
time, and this is accomplished by the use of a 
higher leakage resistance. 

One result of these considerations has an im- 
portant practical significance. It may be difficult 
or impractical in some cases actually to measure 
the speed of breakdown of a counter. However, if 
we merely assure ourselves that the counter wire 
is falling somewhat below the starting potential 
with each discharge, then we can be sure that 
the discharge is quenched after the first stage, 
and we will have a clean, fast pulse. On the 
other hand, a counter which overshoots may take 
a longer time to recover to the state where it is 
again sensitive than one which does not, so that 
the overshooting should be a minimum. 


6. FURTHER CONSEQUENCES OF THE 
DISCHARGE PROCESS 


The mechanism of the discharge process which 
we have outlined here leads us to several addi- 
tional conclusions. We should expect, for ex- 
ample, that a continuous discharge taking place 
in a counter is in reality made up of a series of 
spurts of charge, each spurt following the pre- 
ceding one by a time equal to the time of passage 
of a positive ion across the counter. That the 
current is subject to large fluctuations has, of 
course, long been recognized. As the potential 
across a counter in which a continuous discharge 
is taking place is reduced, the average current 
decreases until, at a more or less sharply defined 
potential, the discharge becomes unstable and 
the current falls suddenly to zero. We should 
expect that, at this minimum potential which 
will just maintain the continuous discharge 
current, the number of new electrons ejected 
from the cathode by each spurt of ions will be of 
the same order of magnitude in all counters. 
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This must be the case, since it is the smallness 
of this number of electrons that allows the 
statistical fluctuations in it to be important, and 
these fluctuations are responsible for the insta. 
bility of the discharge. The average number of 
electrons per spurt of ions should be proportional] 
to the number of ions in the spurt, and hence this 
latter number should depend only upon the 
surface condition of the counter cathode and the 
kind of gas. We should expect it, for example, to 
be independent of the pressure, in the first ap. 
proximation. The average value of the minimum 
stable current would then be equal to the 
amount of charge per spurt divided by the time, 
tm, Of a positive ion traversal. This expectation 
may be tested by the observations shown in the 
first four columns of Table I. The counters used 
for these observations were the same ones used 
by Ramsey for his measurements, and the values 
of t, were taken from his breakdown observations. 
Furthermore, we might expect that the resistance 
of the discharge, defined as the change in poten- 
tial per unit change in the discharge current, at 
the minimum potential at which the discharge is 
stable should be proportional to ¢,,. The measured 
resistances are also given in Table I. It is evident 
that our expectations are well confirmed. Indeed, 
it is surprising that such an overly simplified 
model gives such good agreement with experi- 
ment. 

It has been pointed out by Werner” and later 
by many others that it is desirable to employ a 
counter having a large value of the minimum 
steady current. This is customarily explained in 
the following manner. In order to allow a counter 
to recover quickly, it is desirable to have a low 
leakage resistance. On the other hand, the width 
of the voltage plateau over which the counting 
rate is almost constant is limited by the fact 
that at potentials above some critical value, Vy, 


TABLE I. Data on discharge of counters. 











CHARGE p 

MINIMUM PER SPURT by_/R 

P CURRENT ln COUL. R FARAbs 
cm Hg “wa “ SEC. x10" MEGOHMS 108 
3 3.3 6 20 1.5 4.0 

6 2.3 8 18 1.6 5.0 

9 2.0 9.8 20 1.9 5.2 
12 1.7 10.6 18 2.1 5.0 
15 1.5 13 20 2.6 5.0 








2S. Werner, Zeits. f. Physik 90, 384; 92, 705 (1934). 
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Fic. 3. Diagram showing the operating potentials of 
counters, with various leakage resistances and wire ca- 
pacities, as a function of pressure. See text and Table II. 


a steady discharge may be maintained across the 
counter with the resistance in series. Vy is given 
by 

Var = Vinin t+ Rt min: (1 1) 


where Vin is the minimum value of the potential 
across the counter whick will maintain the steady 
current, tmin, in the absence of a resistance, and 
R the external leakage resistance. Hence if Vy 
is to be large, imin must be large. Now in view of 
the postulated discharge mechanism this may be 
restated in a somewhat different way. In fact 
it may be said that it is desirable to have imin 
large, since this means that the amount of charge 
produced in one stage of the discharge is large. 
Consequently it is easier to attain the desirable 
condition that the counter is just beginning to 
overshoot, and as explained above this insures 
that the pulses will be clean and sharp. The 
factor which actually limits the width of the 
voltage plateau of a counter is the occurrence of 
spurious counts." 

It should be emphasized that it may be quite 
misleading to attempt to predict the behavior 
of a counter from a knowledge of the steady state 


% Spurious counts, or the “‘self-excitation” of a counter, 
seem to be well explained by the occurrence of a sensitive 
condition of the surface of the cathode from which are 
emitted electrons when an electric field is present. See, 
for example, R. Schade, Zeits. f. Physik 104, 500 (1937) 
and H. Paetow, ibid. 111, 770 (1939). This phenomenon 
has received considerable attention in connection with the 
problem of why neon glow lamps start, but the results of 
the investigations are equally applicable to the self- 
excitation of counters. Spurious counts are thus more or 
less unrelated to the normal discharge process. They, 
nevertheless, are an important factor in the “goodness” of 
a counter, and the technique of the preparation of good 
counters should insure that they are present to a negligible 
extent. 
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conditions, since the time during which a count 
occurs is too short to allow the establishment of 
a steady state. In fact, even the condition sym- 
bolized by Eq. (11) has no real bearing on the 
maximum voltage which may be applied to a 
counter. Eq. (11) merely states that, if a steady 
discharge is maintained, then the potential 
applied to the counter must be greater than Vy. 
It says nothing to the effect that there must be 
a steady discharge under these conditions. 
Indeed, if we operate a counter with a low wire 
capacity, so that it overshoots greatly, then it 
should be possible to operate it with a very 
much smaller leakage resistance than usual. As 
long as the recovery of the wire potential is slow 
enough so that the potential is below the starting 
potential at the time the ion sheath reaches the 
cathode, the discharge will be complete in the 
first stage regardless of the condition expressed 
by Eq. (11). If the steady-state condition is in 
some way attained, the discharge will, of course, 
continue if (11) is violated. We find, for example, 
that the counter 15 cm long and filled with 9 cm 
of argon-oxygen mixture has a minimum current 
of 1.4 microamperes. Its starting potential is 785 
volts. From Eq. (11) we find Vy to be 827 volts 
for R equal to 30 megohms, or an operating range 
of only 42 volts. Actually if the capacity of the 
counter wire is kept small (less than three cm), 
the counter can be made to operate over a range 
of almost 300 volts with this value of the resist- 
ance. If the capacity is large, the working range 
is reduced to about 40 volts, as expected. The 
limit for the low capacity was determined by 
raising the potential until the counter frequently 
broke over into a steady discharge. When this 
occurred, it was necessary to stop the discharge 
by removing the potential momentarily. The 
transition to the steady state takes place if a 
count occurs after another one in the time 
interval after the wire potential has recovered 
above the starting potential, and before it is 
sufficiently high again so that the discharge will 
overshoot. The upper limit therefore depends 
upon the counting rate of the counter and is not 
at all precisely defined. If the counting rate is 
small and consists only of that caused by the 
normal background of cosmic rays and the 
natural radioactivity of the surroundings, a very 
long time (several hours) may elapse until a 
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Fic. 4. (A) Circuit diagram showing the usual method 
of using a counter. (B) Circuit diagram showing an indirect 
method of determination of counter breakdown times. 


discharge occurs in the required interval to 
create a steady state. As the potential of the 
wire is raised, spurious discharges begin to occur 
at a certain value of the potential in numbers 
which increase very rapidly with potential. This 
potential is then approximately the upper limit 
of the region where the counter operates for an 
appreciable time with a low resistance. The rela- 
tions between the various quantities are perhaps 
better illustrated by reference to Fig. 3. The 
same group of counters, filled with different 
pressures of argon-oxygen mixture, were used 
here as for the former observations and those of 
Rameey. Curve A represents the minimum 
potential which will support a steady discharge 


with zero resistance in series with the counter.: 


This is, within about five volts, also the starting 
potential of the counters. Curve B represents the 
minimum potential necessary to support a 
discharge when 30 megohms are in series with 
the counter, and was obtained by inserting 
measured values in (11). If the capacity of the 
counter wire is large, so that the counter does 


not overshoot, then the working range of the 


counter is represented by the double hatched 
area between A and B. Curve D represents the 
minimum potential for a steady discharge 
through a series resistance of 260 megohms. 
However, spurious counts will be copious at 
potentials below curve D, and the working range 
of the counter will be determined by them. 
Curve C represents, as a function of pressure, 
the potentials at which the rate of occurrence of 
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spurious counts is equal to the normal counting 
rate of the counter. Thus the single hatched area 
between A and C represents the working range 
of counters with the high leakage resistance. 
This area will also represent, somewhat arbj- 
trarily of course, the operating range of the 
counters with a resistance of 30 megohms when 
they are used with the capacity of the wire at a 
low value, and this is confirmed by direct test. 
Table II indicates more concisely, in reference to 
Fig. 3, the operating ranges of the counters used 
with the different values of the external re. 
sistance and capacity. 

The use of a counter in this way with a low 
resistance and capacity does not form a very 
practical arrangement for making measurements, 
but the fact that it can be done seems to be a 
very striking demonstration of the essential cor- 
rectness of the discharge mechanism that has 
been outlined above. 


7. AN INDIRECT METHOD OF BREAKDOWN 
TIME MEASUREMENT 


An approximate method for testing the speed 
of breakdown of a Geiger counter has been in 
use for many years. It consists in lowering the 
value of the resistance R, Fig. 4 (A), until pulses 
are beginning to be lost even when there is con- 
siderable amplification in the remaining stages 
of the recording circuit. It is then obvious that 
the order of magnitude of the time of breakdown 
of the counter is RC, where C is the capacity of 
the grid of the vacuum tube. Such a method 
cannot be made precise, since the critical value 
of R depends upon other factors besides the 
speed of breakdown. A. Trost® has reported ob- 
servations of the size of the voltage pulse from 
a counter containing alcohol vapor as a function 
of the resistance R,, and has derived from these 
the values of the counter current as a function 


TABLE II. Operating range of counters. 








CouNTER OPERATING UPPER LIMIT OF 
EXTERNAL WIRE RANGE IN OPERATING RANGE 
RESISTANCE CAPACITY Fic. 3 DETERMINED BY 





between 
low high A and B | continuous discharge 
high high A and C | spurious counts 
low low A and C | spurious counts 
causing continuous 
discharge 
high low A and C | spurious counts 
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of time, although the exact manner in which this 
was done was not made completely clear. This 
method, besides being limited to counters 
operated below the potential necessary for a 
steady discharge, is open to the objection that 


~ for low values of R; the wire potential does not 


change with time in the same manner as for high 
values of Ry, that is to say the method of 
measurement strongly affects the quantity being 
measured. 

We wish, therefore, to outline a manner of 
taking observations and of deriving the break- 
down characteristics of counters which is not 
open to this objection. The simplicity of the 
arrangement should enable wide application 
to be made of it. Let us consider the circuit 
represented in Fig. 4 (B). It will be obvious 
that the analysis given below will be applicable 
to many other circuits for accomplishing the 
same purpose. Let C and V be the capacity and 
potential of the grid of the vacuum tube and 
the bodies connected to it, and let g be the charge 
on that system. If —p is the coefficient of in- 
duction of the counter cylinder to the grid 
system, and V, is the potential of the cylinder, 
then we have 

g=—pVitCV and g=-—V/R. (12) 
If p is much smaller than the capacity of the 
cylinder, then changes in V will not affect V; 
appreciably and we can neglect them. By varying 
the bias on the vacuum tube, it is possible to 
determine the value of V when it is a maximum, 
as a function of the resistance R. Let us call this 
value V,,, and the time at which it occurs ¢,. It 
is easy to show from (12) that 











d(log Vm) 
Viltm) = Vm/Rp and t,=RC————. 
d(log R) 
TABLE III. Observed values of R and V,, and computed 
values of tn and V;. 
R Vim tm Vi, VoLTs 
MEGOHMS VOLTS MICROSECONDS PER SECOND 
30 18.5 126 4.1105 
5 13.5 22 1.8 10 
2 12.0 8.9 4.0 
1 11.0 4.9 7.3 
0.2 7.5 1.4 2.5 X 107 
0.1 6.0 1.3 4.0 
0.05 4.0 0.68 5.3 
0.03 3.2 0.44 7.1 
0.02 2.5 0.38 8.3 
0.01 1.0 0.48 6.7 
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SECOND 


Fic. 5. The potential change of a counter wire as a 
function of time, determined by the indirect method 
indicated in Fig. 4(B). 


We can integrate V, as represented by these 
parametric equations, and obtain V; as a func- 
tion of time, which is the desired result. It is 
well to point out that p may be easily determined 
experimentally by observing the change in V 
when V; is changed, when R and R;, are very 
large. Since g is unchanged by this, p= CAV/AV,. 
As an application of this method, we may employ 
some unpublished observations of W. E. Ramsey 
and D. B. Cowie made in 1934. We wish to 
express here our appreciation to Messrs. Ramsey 
and Cowie for allowing us to use these observa- 
tions. The counter used was 3 cm long and 1 cm 
in diameter, with a 0.003-inch tungsten wire 
anode and oxidized copper cathode, filled with 
8 cm of argon-oxygen mixture. The value of C 
was 15X10-" farad and p was 1.5X10-™ farad. 
Table III gives the observations and the values 
of t, and V; computed from them. V, as a func- 
tion of time is represented in Fig. 5. The result 
is in excellent agreement with the direct observa- 
tions of Ramsey as to the form of the functional 
dependence of V; on ¢ represented in Eq. (1). 


8. CONCLUSIONS 


We have described in considerable detail a 
mechanism of the discharge process in Geiger 
counters and shown some of the consequences to 
which the picture leads. It seems fitting to append 
a list of things which remain unsettled regarding 
counter behavior. The first and most important 
of these questions has to do with the details of 
the process by which the charge is built up, and 
what factors determine how much charge is 
formed. Likewise much remains to be told in 
regard to the occurrence of spurious counts and 
the exact processes there involved. More work 
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is also necessary to explain the time lags between 
the change of potential of the counter wire and 
the passage of the ionizing ray through the 
counter.“ Also our attempts to explain counter 
phenomena impress us with the lack of informa- 
tion available regarding the mobilities of ions and 


4 C. G. Montgomery, W. E. Ramsey, D. B. Cowie and 
D. D. Montgomery, Phys. Rev. 56, 635 (1939); J. V. Dun- 
worth, Nature 144, 152 (1939). 


electrons in high fields. Finally we must make the 
large reservation that other varieties of counters 
may not behave in the same manner as those 
with which we have worked. 

In conclusion, we wish to express our great 
indebtedness to all the members of the Bartol 
Research Foundation for allowing us the benefit 
of their discussion and experience on many 
points. 
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Composition of Mixed Vapors in the Cloud Chamber 


T. N. GAUTIER AND A. E. RUARK 
University of North Carolina, Chapel Hill, North Carolina 


(Received April 1, 1940) 


The composition of the alcohol-water vapors commonly used in cloud chambers differs from 
that of the liquid mixtures from which they are produced. This must be considered when 
ranges or cross sections are to be calculated. Curves are presented for the case of ethanol and 
water, showing, for various temperatures, the vapor pressure of each constituent as a function 
of the percent volume of alcohol in the liquid. Attention is called to errors incurred if the cycle 
of operation is so brief that the vapors do not come up to equilibrium concentration between 


expansions. 


HENEVER ranges or cross sections are to 

be determined from cloud-chamber data, 

it is necessary to know the density and compo- 

sition of the vapor-laden gas in the chamber at 

the instant when the ion-trail is formed. Thus we 

must consider (1) the time required to secure 

effective equilibrium between the vapor and the 

liquid on the walls, and (2) the composition of the 
vapor. 

1. Effective thermal equilibrium between walls 
and gas is established rather rapidly after com- 
pression. Kurie! found by thermocouple measure- 
ments in an 18-cm chamber that the temperature 
of the chamber gas returned to within 0.1°C of 
room temperature in 40 to 50 seconds after an 
expansion or a compression. On the other hand, 
in large chambers the vapor pressure may remain 
below equilibrium for a long time. Diffusion is 
slow and convection depends on temperature 
gradients in the walls, so we cannot make 
estimates of general utility, but some idea may be 
gained from observations of Jones and the writers 

1F, N. D. Kurie, Rev. Sci. Inst. 3, 655 (1932); the 


mechanism of this recovery was elucidated by E. J 
Williams, Proc. Camb. Phil. Soc. 35, 512 (1939). 


on the effect of shortening the cycle in a chamber 
16 cm X5.7 cm. Conditions are excellent with a 
cycle approximately 40 seconds long. When the 
duration of the cycle is cut below 30 seconds, 
keeping the expansion ratio unaltered, the tracks 
are not well developed. It is evident that many 
ions fail to produce droplets, for it is possible to 
arrange conditions so that only the densely 
ionized ends of electron tracks are seen. With the 
cycle duration held at a constant value of the 
order of 20 seconds, conditions get worse as time 
goes on so that after 8 or 10 cycles no tracks are 
seen. This deterioration can be combatted to 
some extent by increasing the expansion ratio. 
When the normal cycle and normal expansion 
ratio are re-established, satisfactory tracks are 
quickly obtained. There can be little doubt that 
the short cycle makes the chamber vapor-poor. 

2. When a mixture of two vapor-producing 
liquids is employed, the composition of the vapor 
is not necessarily the same as that of the liquid 
mixture. The effect is a large one in the case of the 
commonly used alcohol-water mixtures and 
should be taken into account in accurate work. 
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Here we consider the ideal case, in which we have 
temperature equilibrium, and equilibrium vapor 
pressure, before the expansion. It should be 
remarked that satisfactory track formation is not 
a proof that these conditions have been attained. 
For practical reasons we can treat only the case in 
which there is a considerable excess of liquid in 
the chamber, so that formation of vapor does not 
appreciably alter the composition of the re- 
maining liquid and hence the composition of the 
vapor in equilibrium with it. We assume that in 
the case of post-expansion tracks, no appreciable 
condensation has taken place up to the instant of 
formation of the ion trail, so that the partial 
pressures of the constituents of the vapor at this 
instant are calculable from the pre-expansion 
pressures by dividing by the volume expansion 
ratio. 

The case of methanol and water has been 
treated by Froemke, Bloomquist and Anderson,” 
and data are available for ethanol-water and 
normal propanol-water mixtures.* Froemke et al., 
give a curve showing the mol fraction of methanol 
in the vapor as a function of the mol fraction in 
the liquid. We shall now deal with ethanol-water 
mixtures which are of general interest. It is 
convenient to have the partial pressures as 
functions of the volume percentage of one of the 
liquids, measured, of course, before mixing. Since 
one will ordinarily use 95 percent alcohol, the 
independent variable may conveniently be the 
volume percentage of this material. Actually the 
azeotropic mixture of ethanol and water under a 
pressure of one atmosphere contains 95.57 percent 
ethanol by weight, and we used this figure in the 
conversion from weight percent to volume 
percent. 

Figure 1 shows curves in which the partial 
vapor pressures of ethanol and water at a given 
temperature are plotted against the percent by 
volume of 95 percent alcohol. The solid curves, 
for 20°C and 40°C, were obtained by direct 
calculation from the above-mentioned data, while 
the dotted curves for 30°C were interpolated on 
the well-supported assumption that over a limited 
temperature range the logarithm of the partial 
pressure of a given constituent at a given 

*Froemke, Bloomquist and Anderson, Zeits. f. physik 
Chemie 166, 305 (1933). 


*Int. Crit. Tab. 3, 290-291. These data represent a 
composite of the results of a number of authors. 
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Fic. 1. Partial pressures of water and alcohol as a function 
of the percentage by volume of 95 percent alcohol. 


composition of the liquid is a linear function of 
1/T, where T is the absolute temperature. 

To show the utility of the curves, let us con- 
sider a typical liquid mixture made up with 60 
percent, by volume, of the 95 percent alcohol at 
30°C. The vapor pressure of alcohol at this 
concentration and pressure is 42 mm as shown by 
the graph ; whereas, one obtains only 23 mm by 
multiplying the mol fraction of ethanol by its 
vapor pressure at this temperature, which would 
be permissible for ideal mixtures. The absolute 
magnitude of such discrepancies is smaller for 
mixtures of normal propanol or isopropanol and 
water, because of the smaller vapor pressures 
involved; but since these compounds contain 
more atoms per molecule, the falsifying effect of 
using the laws of ideal mixtures should be con- 
sidered in every case. We shall not give curves for 
mixtures containing propanols since they are not 
employed so extensively as the mixtures of 
ethanol and water. 

Vapors containing atoms of high atomic num- 
ber are sometimes employed in the cloud 
chamber. If other vapors are present to assist in 
the formation of droplets, it is necessary to 
consider their effect in the concentration of such 


atoms. 
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The Vapor Pressure of Liquid Bismuth Between 603 and 638°C 


ALFRED H. WEBER, 
Department of Physics, Saint Louis University, St. Louis, Missouri, 
AND . 
S. C. Kirscu, S.]J., 
Department of Physics, St. Joseph's College, Philadelphia, Pennsylvania 
(Received March 28, 1940) 


The vapor pressure of liquid bismuth in the temperature range 603-638°C has been measured 
by the method of molecular effusion. The weights of the metallic deposits were weighed directly 
with a microbalance. The seven experimental values reported are fairly well represented by 
the empirical equation: logio p (in mm) = — 52.23(205)/T+-9.03. This expression is in very good 
agreement with that given in the International Critical Tables. 





N the course of experiments! on the photo- 

electric properties of bismuth films deposited 
on glass by evaporation in high vacuum it be- 
came desirable to know the thickness of the 
films. Use of the immediately suggested and well- 
known method of molecular effusion to measure 
the thickness of the metallic deposits requires a 
knowledge of the vapor pressure of the metal 
at the evaporation temperature. Apparently no 
data for the vapor pressure of liquid bismuth 
exist for temperatures at which the rate of 
evaporation is conveniently slow. Furthermore, 
existing vapor pressure data for this liquid at 
higher temperatures (near its boiling point) are 
very inconsistent.2 The measurement of the 
vapor pressure of liquid bismuth therefore was 
both necessary and desirable. This paper reports 
the results of such measurement in the tempera- 
ture range 603-638°C. 


PROCEDURE. APPARATUS 


The experimental determination follows closely 
the effusion method used, perhaps most recently, 
by Rudberg for the vapor pressure measurement 
of calcium’ and barium.‘ Kinetic theory gives the 
following formula for the vapor pressure p 


dN (760) 
=—(2eMRT)! mm, 
dt dS dw cos 6(1.0132X10°) (1) 


where dN/dt is the number of moles of the 


1A. H. Weber, Phys. Rev. 53, 895 (1938). 

2See references listed for vapor pressure of bismuth, 
Int. Crit. Tab., 3, 205 (1926). 

*E. Rudberg, Phys. Rev. 46, 763 (1934). 

*E. Rudberg and J. Lempert, J. Chem: Phys. 3, 627 


(1935). 





substance of molecular weight M issuing per 
second from an opening of area dS cm? in an 
evaporation gun at 7°K into a solid angle dw at 
an angle @ with the normal to dS, R being the gas 
constant per mole. Formula (1) is subject to the 
usual condition that dS be small compared to the 
mean free path of the effusing molecules. 

The design of the vacuum tube used is quite 
similar to Rudberg’s‘ and is shown by Fig. 1. In 
addition to the descriptive legend the following 
points are noted. The bismuth, in granulated 
form, was 99.8 percent pure. A tungsten-kovar 
thermocouple’ was used because these metals 
can be brought through Pyrex vessels without 
the use of intermediate metals, so avoiding errors 
in thermocouple readings due to non-uniform 
temperatures of such intermediate metals. The 
thermocouple had its “hot” junction imbedded 
in a small hole in the side of M in contact with 
the bismuth in the cavity. The thermocouple was 
calibrated in the range 0-760°C by comparison 
with a Chromel-Alumel thermocouple taken as a 
standard, the readings of both couples being 
checked in part of the range (0-360°C) with a 
mercury thermometer. Thermal e.m.f.’s were 
measured with a Leeds and Northrup potentiome- 
ter balanced against a new Weston standard 
cell. The temperature of the evaporating metal 
easily could be held constant within 1.0°C. The 
rails E were tubes open to the atmosphere at 
O so that refrigerating liquids could be intro- 
duced; however, in the present experiments, all 
deposits were made at room. temperature. The 


5 Described by R. C. Mason, Rev. Sci. Inst. 8, 265 
(1937). 
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quite Fic. 1. Design of vacuum tube. B is the bismuth held in a cylindrical cavity of aperture 
1. In area dS in a molybdenum cylinder M(about 2.5 cm long, 0.5 cm in diameter) ; 7, are tungsten- 
owin kovar thermocouple wires (10-mil diameter); H is a radiation heater of 12-mil tungsten held 
8 centrally in a lower cylindrical cavity of M; A, a circular hole in a glass plate, subtends the 
ulated solid angle dw at the opening of M; =e isa glass sliding carriage which rides along the tubes 
kovar E and carries microscope cover glasses C on which the evaporated bismuth condenses; 
J is a glass-enclosed soft iron rod used to move S along E with an electromagnet; F is a side 


netals tube useful in reloading the gun with bismuth. 
ithout 
errors body of the tube was made with long side tubes in the evaporation gun. All data recorded below are 











‘iform at L to facilitate cracking open the tube for from such deposits. Deposits were made in the 

. The loading or unloading the carriage S. The tube highest vacuum obtainable with the mercury 

edded was connected to the mercury diffusion pump _ diffusion pump. 

t with through a trap and vacuum stopcock. The trap The cover glasses were cleaned carefully before 

le was was kept packed permanently with a slush of introducing them into the tube. Bismuth was 

arison dry ice and acetone to reduce contamination of deposited on the cover glasses by heating the gun, 

pherde the evaporated bismuth. . 

a Pe in first .assembled the entire tube was, ie es a De on i, wa preset of Sent. 
pped with asbestos and baked out with cm. Distance dS to A, Fig. 1=7.85 cm (cover glasses 1-4), 

Repets Bunsen burners for some six hours with the %./4 cm (cover glasses 5-7). 0=0 

-home- mercury diffusion pump connected and in aa 

ndard operation. At the same time the evaporating gun. DE rue . ” 

metal and bismuth were outgassed slowly by gradually Gass (ac) (smn.) — (samt) Loc = (°K) 1/T 

- The increasing the tungsten heater temperature until 1 0.0960 364 0.00105 3.02119 892.1 0.00112 

ere at the temperature range of the present experiments 2 0.0394 120 0.00140 3.14613 892.1 0.00112 

— was reached. About a third of the bismuth in the : cae 4 cae pon rey porn 

ts, : its for J J . ‘ A 

. The ee ee = rnd 7 Pan 5 0.0333 240 0.000547 4.73799 876.1 0.00114 

‘ 6 0.0465 300 0.000656 4.81690 876.1 0.00114 
8, 265 results were consistent if the measured deposits 7 0.0816 480 0.000720 4.85733 876.1 0.00114 





were from about the middle third of the bismuth 
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Fic. 2. Variation of the measured vapor pressure with 
absolute temperature. 


with storage battery currents through the 
tungsten heater, to the evaporating temperature 
and then quickly bringing a blank cover glass 
over the opening A (Fig. 1) by sliding the carriage 
in place with an electromagnet, the deposits 
being timed from the instant the cover glass was 
brought over the opening. Immediately after 
removal from the tube the cover glasses were 
placed in a desiccator. 

The amount of bismuth deposited was weighed 
directly with a microbalance. With the aid of an 
optical lever to magnify the balance pointer 
vibrations, weighings could be made to 10-7 g. 


RESULTs. DISCUSSION 


Table I contains the summarized results for 
three different evaporating temperatures, the 
values of p being calculated from (1). Fig. 2 
illustrates the variation of the measured vapor 
pressure with the absolute temperature, the data 
being plotted in the usual way (logio p vs. 1/T). 
As is seen the points fall fairly well along a 
straight line having as its empirically determined 
equation: 


logio p (in mm) = — 52.23(205)/T+9.03. (2) 


The dashed line of Fig. 2 is the plot of the 
equation 2? 


logio p (in mm) = —52.23(200)/7+8.876. (3) 





WEBER AND S. C. KIRSCH, S.J. 


This expression is stated to fit the data for the 
vapor pressure of bismuth in the range 1210- 
1420°C. In view of the considerable discrepancy 
in the pressures at which the two sets of data 
were obtained and the fairly high error naturally 
inherent in measurements of this kind the close 
agreement of the two expressions is surprising 
and must be considered partly accidental. 

In determining dN/dt of Eq. (1) from the 
weight of the deposits it is assumed that the 
reflection of bismuth atoms is negligible. No 
experimental evidence to the contrary was found 
in the present experiments. Even after many 
hours of evaporation there were no visible traces 
of bismuth around the opening A, Fig. 1, on the 
side of the glass plate away from the evaporation 
gun. It is intended, however, to determine the 
effect of reflection by repeating some of these 
measurements with liquid air in the tubes E, 
Fig. 1, and so compare the weights of metal 
deposited at a lower temperature with those for 
deposits at room temperature. 

The data of Table I, giving at least two values 
for p for each temperature at which the metal 
was evaporated, permit an estimate of the 
accuracy of these measurements. The percentage 
deviation from the mean varies from 2.3 for 
cover glass 6 to about 14.7 for cover glass 5. 
Similar variations are evident in Rudberg’s data 
for barium‘ where deviations from the mean up 
to about 13.5 percent are to be found. In the 
present experiments the chief error is assigned to 
the difficulties of weighing the small amount of 
metal deposited. Variation in residual gas pres- 
sure in the tube from one deposit to another is 
also a probable source of error. The paucity of 
data on the specific heat of liquid bismuth 
prevents any reliable evaluation of the chemical 
constant of bismuth from the present experiments. 

The senior author (A. H. W.) wishes to express 
his sincere thanks to Professor G. P. Harnwell of 
the Physics Department of the University of 
Pennsylvania for the loan of the microbalance 
employed in this research. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issu e, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


Neutron-Proton Interaction* 


Measurements have been made of the neutron-proton 
cross section for indium-resonance neutrons (energy ~1 
ev), as well as for neutrons absorbed in cadmium, with the 
boron-cadmium-indium-lined collimator previously de- 
scribed. Cross collimation has been added by dividing the 
cross section of the beam into four quadrants by means of 
cadmium-indium partitions, thereby improving the geom- 
etry so that the geometrical correction for neutrons 
scattered into the detector for spherical scattering is 0.5 
percent for 60 percent transmission. The obliquity cor- 
rection is negligible. The large intensities available with 
the cyclotron and the excellent geometrical conditions make 
possible precise determinations of the interactions of 
neutrons whose energy may be defined by the use of a 
resonance filter. 

A carefully prepared sample of cetane, CisHas, was 
further purified by recrystallizing, filtering and drying, and 
used in chromium-plated brass cells with glass windows. 
Transmission measurements were made by the resonance 
filter method, the indium filter having a thickness of 
0.033 g/cm*. Results for three thickness of cetane are 
shown by the logarithmic plot in Fig. 1 with the calcu- 
lated precision for each point indicated. The two plots for 
indium-resonance neutrons are those corresponding to 
(a) transmission corrected for spherical scattering, (b) cor- 
rected for total forward scattering under the assumption 
that all scattered neutrons remain within the resonance 
energy region. Correction (b) represents the maximum 
possible geometrical correction which could be applied 
since some of the neutrons scattered into the detector will 
have lost enough energy to reduce their probability of 
detection. For these data the corresponding corrected 


- PER CENT 
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Fic. 1. Transmission of slow neutrons in cetane (CisHa). 


neutron-proton cross sections for indium-resonance neu- 
trons are (a) 20.3 and (b) 21.6 10-* cm? from the value! 
4.9 10-™ cm? previously determined for the cross section 
of carbon. The correct value probably should be between 
these two extremes. 

Measurements were also made with the same cetane for 
thermal neutrons absorbed in cadmium. Thick indium 
detectors covered with indium to minimize resonance 
activation were used. The plot in Fig. 1 also shows the 
transmission for thermal neutrons absorbed in Cd cor- 
rected for spherical scattering. This yields a value for the 
neutron-proton cross section of 49.0 x 10~-* cm*. If there is 
a small amount of forward scattering this value would be 
increased slightly. It is, however, in very good agreement 
with recent determinations, viz.; 50.0,2 49.0® and 47.5 
X 10-* cm?,‘ where different methods of neutron detection 
were used, and indicates that the method of working inside 
such a collimating enclosure with the cyclotron yields 
results consistent with other techniques. 

The results mentioned earlier for the indium-resonance 
neutrons indicate that the neutron-proton cross section for 
neutrons of 1 ev energy under these conditions is 21+1 
x 10-* cm?*. This agrees well with the value 20+2 given 
by Goldsmith, Cohen and Schwinger.* It is considerably 
higher than the value of 10 to 12X10-™ cm! originally 
obtained by Amaldi and Fermi,‘ and is also larger than 
the value of 14.8 10-* cm? recently obtained by Simons 
under poor geometrical conditions with neutrons of slightly 
higher energy.’ The calculations of Placzek® indicate that 
the effects of molecular binding on neutron-proton cross 
section should already be very small for neutrons of this 
energy (~1 ev). If this is the case, then it seems that the 
free neutron-proton cross section commonly accepted for 
theoretical calculations should be revised. However, in 
order to eliminate any possible residual interaction effects 
due to molecular binding, the same experimental arrange- 
ment has been modified so that these measurements can 
be repeated with iodine-resonance neutrons (energy 
~25 ev). 


Henry B. HANSTEIN 
Pupin Physics Laboratories, 
olumbia University, 
New York, New York, 
May 13, 1940. 


* Publication assisted by the Ernest Kempton Adams Fund for Phys- 
ical Research of Columbia University. 

1H. B. Hanstein and J. R. Dunning, Phys. Rev. 57, 565 (1940). 

2H. Carroll and J. R. Dunning, Phys. Rev. 54, 541 (1938). 

* Frisch, v. Halban and Koch, Kgl. Danfk. Vid. Selsk 15, 10 (1938). 

4M. Goldhaber and G. H. Briggs, Proc. Roy. Soc. A162, 127 (1937). 

* Goldsmith, Cohen and Schwinger, Phys. Rev. 55, 106 (1939). 

* E. Amaldi and E. Fermi, Ricerca Sci. 7, 310 (1936). 

7 L. Simons, Phys. Rev. 55, 792 (1939). 

§ Private communication. ' 
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Sodium Chloride at Very High Pressures 


The recent experiments of Bridgman! and of Goranson? 
in which sodium chloride has been subjected to pressures 
between 100,000 and 200,000 atmospheres have two very 
interesting aspects. 

The first concerns the complete absence of any poly- 
morphic transition over this pressure range. A transition 
from the face-centered to the body-centered type of struc- 
ture might have been expected since this type of transition 
has been observed both in RbCl and in KCl at very much 
lower pressures. A computation of the free energies of NaCl 
in the body-centered and the face-centered structures 
shows that the latter is indeed the more stable under 
increasing pressure, unlike RbCl and KCl where the phase 
transitions were theoretically predicted.* The free-energy 
plots are shown in Fig. 1. Fig. 2 shows the relative contribu- 
tions from the Coulomb and the repulsive energies as well 
as the PV product. In evaluating the free energy for Fig. 1, 
the van der Waals energy is also included, but the tempera- 
ture term is neglected. Fig. 3 gives the molecular volumes 
of the face-centered and body-centered forms of NaCl 
as a function of pressure. At all pressures the difference 
between the two is sufficiently great to be readily observed 
experimentally. Hence it would appear quite improbable 
that the transition could occur undetected. 
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Fic. 1. Free energy vs. pressure for potp-conteres and 
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Fic. 2. Energy terms as a function of pressure for NaCl. 
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Fic. 3. Molecular volumes vs. pressure for body-centered and 
face-centered NaCl. 


A second point of interest concerns the measurement of 
pressures and of volume changes in these experiments, 
From a technical standpoint the absolute measurement of 
the pressure presents formidable obstacles. The volume 
change can be measured perhaps with considerably less 
uncertainty. Under these conditions the pressure might be 
better determined in these preliminary experiments from 
a theoretically derived pressure-volume plot. Fig. 4 gives 
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Fic. 4. Fractional volume change vs. pressure for NaCl (f. c.). 


the theoretical volume change as a function of pressure. . 
Bridgman’s value for the compression of NaCl at 50,000 
atmospheres falls on the curve as indicated, but his com- 
pression of slightly more than 20 percent observed at a 
pressure estimated to lie between 125,000 and 150,000 
atmospheres falls considerably below the curve. This would 
indicate that the actual pressure is perhaps somewhat 
lower than estimated by Bridgman. 
Rospert B. Jacoss* 


Research Laboratory of Physical Chemistry, 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts, 
May 1, 1940. 


* Lalor Fellow in Physical Chemistry. 

1P, W. Bridgman, Phys. Rev. 57, 342 (1940). 

2R. W. Goranson, Wo ted at the Meeting of American Geophysical 
Union, Washington D. C., April 25, 1940. 

3R. B. Jacobs, Phys. Rev. 54; 468 (1938). 
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Direct Evidence of a Proton Component of the 
Cosmic Radiation 


A number of investigations' have resulted in more or 
less indirect evidence that a part of the cosmic radiation 
consists of protons. In a series of photographs in a large 
Wilson cloud chamber containing three lead plates we 
have obtained a few tracks which seem to be those of 
protons near the end of their range. The track most 
definitely that of a proton is shown in Fig. 1. This ray 
had come into the chamber from the top after having 
passed through fifteen centimeters of lead placed between 
two coincidence counters used for triggering the expansion 
of the chamber. In the chamber the ray has passed through 
three lead plates 1 cm, 5 cm, and 1 cm thick, respectively, 
and it has passed out through the bottom of the chamber 
after having veered slightly into the shadow in the lower 
compartment. In the 5-cm lead block the ray was deflected 
about 25° and it was slowed down so that its track in the 
third compartment is noticeably heavier than previously. 
It is significant that although its density in the third 
compartment seems to be about four times greater than 
that of a fast particle, the ray still had sufficient energy 
to pass through the lower plate, 1 cm thick, and upon 
emerging to produce the smooth, heavy, straight track 
characteristic of a slow proton. In the first compartment 
shown enlarged in Fig. 2 the ray produced two delta-rays, 
or slow electrons, the second of which produced a track 
about 17 mm long in 1.3 atmospheres of argon. From its 
range we estimate that this ray had an initial energy of 
about 55,000 volts. A ray of this energy would be emitted 
by a particle of infinite momentum at 77.5°. Our best 
estimates of its initial direction as determined from a 
graphical analysis of the two stereoscopic photographs lie 
somewhat below this angle in the range 65° to 75°. 

We may consider four possibilities as to the nature of 
this ray. (1) The entering ray is a meson which loses 
energy by ionization as described by the Bethe-Heitler 
formula? and is brought nearly to rest in the lower com- 
partment. (2) The entering ray is a proton which also 
loses energy by normal ionization and is brought nearly 




















Fic. 1. This may be viewed stereoscopically by placing a mirror 


before the right eye at an angle such that the image of the right pro- 
jection is superposed upon the left projection when viewed directly 
with the left eye. 
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Fic. 2. Enlargement of the track in the first compartment. 


to rest in the lower compartment. (3) The entering ray 
is a meson which knocks a proton from a lead nucleus at 
an angle of 25° by an elastic collision. The subsequent 
path of the meson would then lie within the lead plate 
and the proton is that which appears in the lower com- 
partments. (4) The entering ray is a proton with high 
energy (ionization less than 1.2 that of a “fast” particle) 
and more energy is lost in the 5-cm lead plate than can 
be accounted for by ionization. For each of these assump- 
tions the lower limit of the energy in each compartment 
and the corresponding upper limits of the ionization have 
been computed, and are given in Table I. The table also 
contains the angle of the delta-ray in the first compartment 
computed from each assumption. 

From the density of the track in the third compartment 
it seems certain that the ray appearing in the lower half 
of the chamber must be a proton. The ionization in the 
upper half is not as heavy as would have been expected 
on assumption (2) and although the measured angle of 
the delta-ray favors assumption (4) the accuracy of the 
measurement is hardly sufficient to distinguish against 
assumption (3). 

Out of 4000 photographs we have obtained three tracks 
of slow protons identified by an abnormally dense ioniza- 
tion while the ray had still sufficient energy to penetrate 
1 cm of lead. Nineteen tracks have been found of particles 
either stopped or appreciably slowed down by the lead 
in the chamber, and in each of these photographs the 
observed ray had passed through the 15 cm of lead above 


TABLE 1. Lower limit of the energy in each compartment and upper limits 
of the ionization computed upon various hypotheses. 
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(2) Proton | 280 256 8711.7 2.0 69.5° 
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the chamber. It therefore appears that some fifteen percent 
of the penetrating rays reaching the ‘‘slow’’ state are 
protons. Since the range of a proton is ten times that of 
a meson of the same velocity about 1.5 percent of the 
fast cosmic rays can be protons. 
Acknowledgment is made of the support given these 
studies by the Carnegie Institution of Washington. 
Tuomas H. JOHNSON 
J. GrirrirHs BARRY 
RALPH P. SHUTT 
The Bartol Research Foundation of the Franklin Institute, 


Swarthmore, Pennsylvania, 
May 13, 1940. 


1T. H. Johnson, Rev. Mod. Phys. 11, 208 (1939); T. H. Johnson 
and J. G. Barry, Phys. Rev. 56, 219 (1939); D. Hughes, Phys. Rev. 
57, 592 (1940); J. G. Wilson, Proc. Roy. Soc. 172, 517 (1939). 

2S. H. Neddermeyer and C. D. Anderson, Rev. Mod. Phys. 11, 
191 (1939). 





Photographic Reversal with X-Rays 


Mott in a recent discussion of the application of the 
Gurney-Mott theory! to the photographic effect of x-rays 
is quoted as saying :? ‘‘From the considerations given above 
we should expect solarization (i.e., reversal) to occur at a 
much later stage in the exposure, if at all, if x-radiation is 
used, since in the initial stages less halogen is released. 
The writer has been unable to find experimental evidence 
bearing on this point.’’ There seems therefore to be some 
doubt as to the existence of photographic reversal when 
the latent image is produced by x-rays. However, such 
photographic reversal has been observed by various 
experimenters, amongst whom are Jauncey and Jaques? of 
this laboratory. The Gurney-Mott theory is proving so 
useful that we feel that the fact of photographic reversal 
with x-rays should be established beyond a doubt. 

A curve of density against log exposure for x-rays was 
obtained in the following way. A lead plate with a rec- 
tangular slit 4.00.5 cm was placed at a distance d from an 
x-ray tube. Behind the slit and in contact with the lead 
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Fic 1. Blackening of a film exposed to x-rays of varying intensity. 
Note the double reversal. 
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plate was placed a photographic film wrapped in black 
paper. On the side toward the x-ray tube the slit is overlaid 
by sheets of 1-mil brass arranged stepwise in such a way 
that over the first 0.15-cm segment of the slit there is no 
brass absorber, over the second there is one thickness, 
over the third two, and so on. Altogether there are » 
segments so that over the mth segment there are (n—{) 
thicknesses of brass. Let the energy of the x-rays arriving 
in a given time on the mth segment of the film be &£,, 
Then, if the x-rays are monochromatic, the energy arriving 
on the rth segment is given by 


Log (E,/E,,) =const X (n—r). (1) 


If the blackening of the segments is measured by a micro- 
photometer, a density against log exposure curve can be 
obtained, the abscissae being proportional to (z—r), If 
continuous radiation is used, (1) is only approximately true, 

The photograph of Fig. 1 was obtained upon Agfa 
x-ray film exposed at room temperature to x-rays from a 
tungsten tube operated at 36-kv peak and 8 ma with 
d=10cm for two hours. The film was developed in Eastman 
x-ray developer for two minutes at a temperature of 70°F, 
It is seen that not only is there a first maximum of blacken- 
ing but a first minimum followed by a second maximum 
and then a second minimum. The photograph therefore 
shows triple reversal and shows beyond a doubt the 
existence of reversal with x-rays. 

O. J. BALTzER 
J. E. Nare 
Wayman Crow Hall of Physics, 
Washington University, 
St. Louis, Missouri, 
May 12, 1940. 


1R. W. Gurney and N. F. Mott, Proc. Roy. Soc. A164, 151 (1938). 
2N. F. Mott, Photo. J. 78, 286 (1938). 
3G. E. M. Jauncey and A. T. Jaques, Phys. Rev. 50, 672 (1936). 





The Cause and Removal of Photographic Reversal 


Sheppard! has shown that the sensitivity of a grain of 
silver bromide in a photographic emulsion to light is due 
to the existence of ‘concentration specks” of silver sulfide 
on the surface of the grain. Sheppard’s discovery led 
Sheppard, Trivelli and Loveland? to propose the concentra- 
tion speck theory of latent image formation. The most 
recent form of this theory is due to Gurney and Mott.® An 
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Fic. 1. Blackening of films exposed to x-rays. Film A is developed 
in the usual way and shows reversal. Film B which shows no reversal 
was given a preliminary bath in hypo. 
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excellent description of the theory is given in a recent 
article by Webb.‘ 

At first sight, photographic reversal does not seem to fit 
the Gurney-Mott theory of latent image formation. It 
seems that some process in addition to photoconductivity 
and electrolytic conductivity must go on. Mott® has sug- 
gested that photographic reversal (or solarization) pro- 
duced by light is due to the reaction of bromine atoms 
released from the crystal lattice during the process of 
latent image formation with the silver of the concentration 
specks to form silver bromide which makes a coating over 
the grain. This protective coating screens the grain and 
the concentration speck on the surface of the grain from 
the action of the developer. Mott's explanation of reversal 
applies when the reversal is produced by x-rays. Obviously, 
if the protective coating of silver bromide can be removed 
from the grain, the developer can react with the concentra- 
tion speck and the reversal will disappear. This removal 
can be accomplished by washing the film in ordinary hypo 
for a short time before development. The development 
should then blacken the grain that was reversed. 

With the method of Baltzer and Nafe,* two films were 
exposed to x-rays under exactly the same conditions for 
one-half hour. Film A of Fig. 1 was developed in the normal 
way and showed reversal. Film B was left for five seconds 
in the fixer, then placed for a moment in a stop bath of 
water and acetic acid to halt fixation, and was finally de- 
veloped and fixed. It is seen that reversal has been removed 
from film B. 

Owing to the very small electrolytic conductivity of a 
silver bromide grain at liquid-air temperature, the Gurney- 
Mott theory indicates that photographic reversal should 
not occur at this temperature. We have so far been unable 
to obtain reversal with x-rays at liquid-air temperature 
even with exposures twenty-five times as long as the 
exposure necessary to produce reversal at room tem- 
perature. 

We have found that reversal as produced by light can 
also be removed by preliminary washing in hypo. By 
exposing a strip of Eastman x-ray film to light from a 
three hundred-watt tungsten lamp placed twenty-four 
inches away, reversal was obtained in four seconds. 
A film having steps of different exposure time from one-half 
second to sixteen minutes was cut in two pieces. One-half 
was developed the normal way and the other half was 
fixed for five seconds, placed in a stop bath, and then 

developed. In the first film, density decreased with ex- 
posure beyond four seconds. In the prefixed film, density 
increased with increasing exposure time and showed no 
reversal. 
J. E. Narre 


G. E. M. JauNncry 
Wayman Crow Hall of Physics, 
ashington University, 
St. Louis, Missouri, 
May 15, 1940. 


1S. E. Sheppard, wy ie 
2S. E. Sheppard, A. P. H. 
Inst. 200, 51 (1925). 


65,1 25). 
Trivel and R. P. Loveland, J. Frank. 


+R. W. Gurney and N. F. Mott, Proc. Roy. Soc. Al64, 151 (1938). 
. H. Webb, J. App. Ph x 18 (1940). 
owe Mott, Photo. J. 86 (1938). 
60. J. Baltzer and J. 


E. Nate, Phys. Rev., this issue. 
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Pressure Effect on Infra-Red Absorption 


Laboratory measures of the infra-red absorption by 
ozone-oxygen mixtures have been made! to afford a basis 
for reducing meteorological observations of the height of 
the atmospheric ozone. The meteorological observations, 
started over a year ago,’ will be finished in a few months. 

The new method of determining the height of the 
atmospheric ozone depends on simultaneous measurement 
of the absorption of ozone in the ultraviolet where the 
absorption is independent of pressure and in the infra-red 
at 9.6u where the absorption is pressure dependent. 

The laboratory measures of the infra-red absorption of 
ozone in the region of the apophyllite residual ray band 


. centered at 9.66y' are given in Table I for a path thickness 


TABLE I. Absorplion of osone-oxygen mixtures for the apophyllite 
residual ray band at 9.66y. Path length 91.4 cm. Reduced thickness of 
ozone at NTP =2 mm. 


Total pressure 
P in mm Hg 6 13 26 58 104 194 722 


Percent absorption 
A percent 27.2 32.5 39.1 47.5 52.5 59.8 66.7 


of 2 mm ozone at NTP. Although the measures have been 
made at various thicknesses of ozone up to 5 mm and will 
be published later, the data at 2 mm illustrates the pressure 
dependence of infra-red absorption. 

If we use these values and plot log A versus log P, it 
appears that the pressure dependence for the pressure 
range 6 mm of mercury to 104 mm of mercury is: 


A=kPi, (1) 
where k equals 0.174. 
Assuming that the stratosphere is at a uniform tem- 
perature of —50°C we get a useful equation by combining 
the simple barometric equation with Eq. (1). 


h—ho=60 log (Ao/A) kilometers. (2) 


Here h is the “average” height of the ozone on a par- 
ticular occasion when the thickness as determined by the 
ultraviolet absorption is x. A is the observed infra-red 
absorption by the ozone in the regions of the residual ray 
band of apophyllite. ho is the height of ozone on another 
occasion when an equal thickness of ozone absorbs A o. 

It is evident that the absorption of sunlight in the infra- 
red is unsuitable for accurately determining the amount 
of ozone overhead because of the pressure effect. 

We have applied Eq. (1) to the measurements of Hertz* 
on CO; at 14.7, and it appears that his data support such 
a formula better than a square root formula. Whether or 
not Eq. (1) applies generally to other gases is significant 
in calculating radiative heat transfer in the atmosphere. 
The pressure dependence for other atmospheric gases is 
now being experimentally tested. 

The obvious inference to draw from Eq. (1) is that line 
broadening in the infra-red is proportional to the square 
root of the pressure. 

Joun STRONG 


KENICHI WATANABE 
California Institute of Technology, 
ena, California, 
May 1, 1940. 


1 We were assisted by M. Summerfield in making these observations. 
2 John Strong, 5 Oe Rev. 55, 1114 (1939). 
oe Strong, J. Opt. Soc. Am. 29, 520 (1939). 

G. Hertz, Verh. deut. phys. Ges. 13, 617 (1911). 
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Diffusion, Brownian Movement, Loschmidt-Avogadro’s 
Number and Light 


A. Einstein’s and M. v. Smoluchowski’'s theory! of the 
Brownian molecular movement describes only statistical 
fluctuations of impacts upon matter due to thermal 
agitation of molecules. Prior to this theory the influence of 
light was considered, but subsequently has been neglected. 
The following method which the author has developed 
allows the longest and therefore the most exact investiga- 
tion on Brownian movement to be made.? The velocity 
of rise, as also the velocity of fall, of single submicroscopic 
test particles is measured in the electric field of the small 
condenser of the author's design as often as desired. It is 
known that this method which was later used by Millikan 
gives smaller charges than the electronic charge in con- 
tradiction to Millikan’s results on oil drops in a condenser 
20 times as large. These small charges were found on 
particles whose sphericity and normal density could be 
proved in this way: The velocity of fall of such a particle 
was measured at increasingly high gas pressures, the 
particle was then removed and its size determined by new 
microscopic methods.’ Naturally the observations were 
made in the weakest diffused light. Only solid spheres can 
be examined since they do not vaporize and since they can 
be collected. Liquid drops such as oil evaporate, and are 
distorted upon collection on a plate. The mobility, accord- 
ing to Einstein, can be determined from the deviations of 
the velocities (fall or rise) from their mean values. Once 
the weight of the particles is known then Loschmidt- 
Avogadro’s number can be obtained.‘ 

However, when an uncharged particle is irradiated by 
intense light coming from any direction (having any wave 
front normal) it moves in a homogeneous electric field in or 
against the direction of the electric lines of force (electro- 
photophcresis)* and in a homogeneous magnetic field in or 
against the direction of the magnetic lines of force (mag- 
netophotophoresis) like a single north or south pole 
(‘magnetic ion’’).6 The magnetophotophoretic force in 
intense light is so great that motion occurs even in the weak 
geomagnetic field’ in or against the direction of the geo- 
magnetic lines of force. Other observers neglected these 
facts and this is the reason for the manifold differences in 
the examinations of the theory of the Brownian movement 
to which I have drawn attention for three decades. The 
effect in liquids should be still more pronounced since 
much more powerful illumination and frequently much 
smaller particles were used. 

It will be clear to everybody now that Loschmidt- 
Avogadro’s number can be determined correctly only if 
the observations are made in darkness and if the influence 
of light is excluded in a proper way such as the author did 
in his extensive investigations whose results indicated 
charges smaller than the electron. Only when such a 
method is used, can the resulting Loschmidt-Avogadro’s 
number be claimed to be correct. This problem will have 
to be solved in the future. 

Thus Brownian movement and diffusion in light consist 
of at least two components, (1) the mere statistical in 
sense of the theory and (2) magnetophotophoresis in the 
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geomagnetic field; sometimes perhaps also electrophoto. 
phoresis. Consequently diffusion taking place in nature al] 
by itself depends upon the intensity of the light falling on 
the diffusing matter. This the author not only observed jn - 
his condenser but in general by diffusion experiments, 
FELIX EHRENHAFT 


Formerly, University of Vienna, 
Temporary residence: 
35 West 87 Street, 
New York, New York, 
April 29, 1940. 


1A. Einstein, Ann. d. Physik 17, 545 (1905); 19, 371 (1906); M., y. 
Smoluchowski, Ann. d. Physik 21, 756 (1906); First experiments in 
gases, F. Ehrenhaft, Wiener Ber. [Ila] 116, 1175 (1907). 

? F. Ehrenhaft, Wiener Akad. Anz. 10, 118 (1910); Wiener Ber. [Ila] 
119, 815 (1910); Physik. Zeits. 11, 619 (1910); Summary: Physik, 
Zeits. 39, 673 (1938). 

3 F. Ehrenhaft, Physik. Zeits. 39, 673 (1938). 

‘For instance, E. Schriédinger, Physik. Zeits. 16, 289 (1915). 

5G. Placzek, Zeits. f. Physik 49, 601 (1928); F. Ehrenhaft and 
D. K. Konstantinowsky, Wiener Akad. Anz. 9 (March 18, 1920), 

*F. Ehrenhaft, Comptes rendus 190, 263 (1930); Physik. Zeits. 31, 
478 (1930); Phil. Mag. 11, 140 (1931); Vienna Diss. (Ph.D.): E, 
Reeger, Zeits. f. Physik 71, 649 (1931); M. Gradmann (1934) and 
N. Judenberg (1938). , 

7F. Ehrenhaft, Ann. de Physique 13, 151 (1940). See also: F. Ehren- 
haft, Phys. Rev. 57, 562 (1940); 57, 659 (1940). 





Air Mass Effect on Cosmic-Ray Intensity 


Loughridge and Gast! have discussed under the above 
title the effects of the cold and warm fronts on the intensity 
of cosmic rays. We have made similar studies on the 
cosmic-ray data obtained during the period 1937-1939 
with a Steinke apparatus and an IPCR cosmic-ray meter 
both inside 10 cm Pb. The location of the fronts was 
determined from the synoptic charts published by the 
Central Meteorological Observatory, Tokyo. We investi- 
gated ten cases, of which two were warm fronts and 
eight were cold. 

Hourly means of observed cosmic-ray intensities were 
reduced to the values at a standard pressure 755 mm Hg 
by using a true absorption coefficient « =9.5 X 10-*/cm Hg 
for air. On plotting cosmic-ray intensities as ordinate and 
time as abscissa, we found that the approach and passage 
of a warm front produced a gradual but pronounced 
decrease in cosmic rays as shown in Fig. 1. This represents 
the results for the case of a remarkable warm front, which 
accompanied heavy rainfalls over the wide district sur- 
rounding Tokyo during the period June 28—July 5, 19382 
The other warm front studied gave a similar change 
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Fic. 1. Effect on cosmic-ray intensities of the approach 
and passage of a warm front. 
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which agrees in magnitude with the result of Loughridge 
and Gast for a warm front. In Japan the warm front is 
known to consist of a warm tropical air which overrides 
a cold wedge of air underlying it and extends to the height 
of from 10 to 15 km. This naturally causes the intensity 
of the hard component of cosmic rays to decrease. 

On the other hand it was not possible to find out any 
effect of the cold front beyond the statistical fluctuations. 
It is difficult to understand the result but it might be 
explained by the fact that the cold front in this country 
is usually composed of a thin wedge of cold air hardly 
exceeding some 3 km in thickness, and therefore probably 
does not influence the conditions of the upper atmospheres. 
Our results, however, are in contrast to those of Loughridge 
and Gast who observed the changes of from 2.9 to 5 percent 
for cold fronts. The present results seem also to be in 
disagreement with the noticeable effects on cosmic rays of 
the cold front in the very core of cyclones and anticyclones, 
as have recently been reported by us.’ All such differences 
have probably their origin in the different structures of 
the upper atmospheres. 

This work was carried out as a part of the program of 
the Cosmic-Ray Sub-Committee of the Japan Society for 
the Promotion of Scientific Research. 

Y. NIsHINA 
Y. SEKIDO 
H. SIMAMURA 
H. ARAKAWA 
Institute of Physical and Chemical Research (Y. N., Y. S., H. S.), 
Central Meteorological Observatory (H. A.), 


Tokyo, Japan, 
April 22, 1940. 


1 Donald H. Loughridge and Paul Gast, Phys. Rev. 56, 1169 (1939). 

2H. Arakawa, J. Met. Soc. Japan, 2nd Ser. 17, No. 1 (1939). 

3Y. Nishina, H. Arakawa, Y. Sekido and H. Simamura, ‘‘Cosmic- 
ray intensities in relation to cyclones and anticyclones,"’ Nature, in 
press. 





Further Evidence for the Existence of Mesotron Showers 


The data here recorded were obtained by an apparatus! 
which we have devised for cosmic-ray shower measure- 
ments, and which comprises several Geiger counter areas, 
each 20 cm in side, arranged as a coincidence set as regards 
the individual areas, and designed so that each individual 
counter which becomes excited within 10~ sec. of an event, 
records separately, the event being the passage through 
the apparatus of a ray which penetrates more than 18 cm 
of lead. One tray was above the 18-cm block, and the others 
were distributed at different distances below. 

With the foregoing apparatus the theory of knock-on 
electron showers has been investigated experimentally.' 
Certain of the shower rays, a very small number, in fact, 
ate apparently of mesotron type in that they pass through 
several individual 1-cm blocks of lead without multiplica- 
tion, and evidence of the existence of such rays was pre- 
sented at the cosmic-ray symposium held at Chicago last 
summer.' These results, which we believe to constitute the 
first direct evidence of the existence of mesotron pairs, 
have now been extended by further observations, and the 
results are here recorded partly in the form of a table. 
Table I refers in each case to a situation where one ray 
entered the 18-cm block of lead, and resulted in a pair of 
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Tas_e I. Frequency of two-ray mesotron showers. 











NATURE 2-RAY MESOTRON 
SHOWERS 
Trays Recorpep Biocks| No. | Events PER 10 EVENTS 





4 4 3 2 2300 20 
4 3 3 1 2300 7 
5 3 4 1 550 20 

















rays recording in the counter tray areas below the lead in 
the manner indicated in the table, which will be understood 
from the following scheme of designation: Under the head- 
ing Nature, the column Trays indicates the number of 
analyzing counter trays below the 18-cm block. The column 
Recorded indicates the number of trays in which two rays 
recorded. The column Blocks indicates the number of 
individual 1-cm blocks of lead, below the 18-cm block, 
through which the pair passed and recorded subsequently 
without multiplication. The column Number indicates the 
number of cases of the kind observed in the number of 
events shown in the Events. If the numbers in the column 
headed Number were large, each case would provide a 
basis to allow for counter inefficiency through utilization 
of the numbers under the Trays column, and so to calculate 
the number of two-ray showers to be expected in 10,000 
events. Such calculations, when made from the few events 
recorded, are given in the last column. Naturally they show 
wide statistical fluctuations, but serve to give an order of 
magnitude of 16 mesotron pairs per 10,000 events. 

In addition, in the data recorded last summer, 555 events 
gave one case of a single ray entering the 18-cm block and 
emerging as 4 which passed through one 1-cm block without 
multiplication. Five hundred and seventy events gave 3 
cases in which 2 rays entered the thick lead block and 
continued as a pair through an additional 1 cm of lead. 
Five hundred and fifty-five events gave 2 cases where two 
rays entering the thick block emerged therefrom and passed 
as 2 rays through 4 individual 1-cm blocks of lead. In the 
recent observations, 2300 events gave 7 cases where two 
rays entering the thick block passed in addition through 
three individual lead blocks without multiplication or 
reduction. 

Last summer we recorded several cases where an event 
was accompanied by an excitation of nearly all the counters 
above and all the counters below the thick block of lead. 
In our most recent experiments we observed nine cases out 
of 2300 events where the event concerned was associated 
with the excitation of more than 10 counters in the tray 
above the thick lead block and with a perpetuation of the 
excitation to the counters below the lead block with no 
more reduction than would be expected from counter 
inefficiency, and without evidence of multiplication, al- 
though in such cases multiplication is difficult to rule out. 
It may be added that all of these experiments were per- 
formed below a 30-ft. column of water. 

W. F. G. Swann 
W. E. Ramsey 


Bartol Research Foundation of 
The Franklin Institute, 
Swarthmore, Pennsylvania, 
May 3, 1940. 


1W. F. G. Swann, Rev. Mod. Phys. 11, 242 (1939). 
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Errata: Paramagnetic Relaxation Times for Titanium 
and Chrome Alum 


(Phys. Rev. 57, 426 (1940)) 


In my paper on paramagnetic relaxation, I incorrectly 
took the Debye cut-off temperature @ for the alums to be 
90° rather than 330°. This mistake, of course, has no 
bearing on any of the results at helium temperatures, 
where only the low frequency end of the vibration spectrum 
is important. At liquid-air temperatures, it affects the 
absolute value of the relaxation time, but not the de- 
pendence on field strength, merely altering the proportion- 
ality constant ro in Eq. (63). The resultant changes in ro 
are fortunately not important, as will be shown below. 

The new value 330° of @ is so large that at the upper 
end of the spectrum it is no longer legitimate to treat the 
wave-length v/w of the lattice vibrations as large compared 
with the diameter 2R of the cluster Ti-6H,O or Cr-6H,0, 
as was supposed in Eq. (9). The interference effects result- 
ing because v/w is comparable with 2R are hard to calculate 
accurately, for they depend on the angle between the 
direction of the lattice wave and the principal axes of 
the cluster 6H,O. A reasonably good approximation, 
however, can be obtained by replacing w" by 


w*~ sint [44rwR/V20]/[4eR/v20 } 


in the definition (39) of Z,, for the vibration amplitudes are 
involved to the fourth power in the Raman transition 
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probability (cf. Eqs. (59) and (37)). (The selection 1/2 for 
the proportionality factor is a sort of compromise between 
values ranging between 1 and 4? as the direction is Varied.) 
With this modification, the combination of interference 
effects and the Boltzmann factor make the upper reaches 
of the vibration spectrum comparatively unimportant at 
liquid-air temperatures, so that evaluation of the modified 
integral (39) may be facilitated by taking the upper limit 
as © rather than ké/h, With these revisions, the computed 
relaxation times r become 36 percent smaller at 90°K than 
the values of reaic given in Table I, and 44 percent smaller 
at 64.4°K. These alterations are unimportant, as the 
calculated absolute values probably do not have much 
closer quantitative significance than to the nearest power 
of 10. Values of r over a hundred times smaller would, 
however, have been obtained if (39) were not modified to 
allow for the invalidity of the approximation wR/v <1, In 
the case of titanium alum, the computed values of + con. 
tinue to be adequately short to explain the absence of 
observable dispersion in this substance at liquid-air 
temperatures. 

The following purely typographical errata may inci- 
dentally be noted: Eq. (33), read —pi°R, —p°R for 
pi°R, p:°R; line below Eq. (58) read 11 p;°/7 for 11p,°/7; 
Table I, read reatc for Teate- 

J. H. VAN ViEck 


Harvard University, 
Cambridge, Massachusetts, 
May 7, 1940. 
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Proceedings of the Ohio Section of the American Physical Society 


MINUTES OF THE GAMBIER, OHIO, MEETING, APRIL 6, 1940 


HE first regular meeting of the Ohio 

Section of the American Physical Society 
was held at Kenyon College, Gambier, Ohio, on 
April 6, 1940. An invited paper on “Gasoline” 
by Dr. Paul D. Foote was presented during the 
morning session. 

Approximately one hundred members and 
guests attended the luncheon at the Kenyon 
commons, after which Dr. Gordon K. Chalmers, 
President of Kenyon College, heartily welcomed 
the organization to the Kenyon campus. During 
a business meeting following the luncheon final 
action was taken by which the former Ohio 
Physics Club, organized in 1926, became the 
Ohio Section of the American Physical Society. 
Chairman Yale K. Roots announced that plans 
were under way to have the Section sponsor a 
symposium onee a year centering around the 
physics of Ohio’s industries. In addition to the 
executive committee the following were named 
to serve on the program committee: R. S. 
Shankland, Case School of Applied Science; 
W. E. Forsythe, Nela Park Laboratory; and 
H. P. Knauss, Ohio State University. The 
program of the scientific sessions and the abstract 
of one paper are given below. Other abstracts 
will be published in the August, 1940, issue of 
the American Journal of Physics. 


PROGRAM OF MORNING SESSION 


Vibrating Rods as Laboratory Sources of Sound.—E. H. 
Jounson, Kenyon College. 

Vacuum-Tube Voltmeter with an Electrical Eye.—Da.e 
BAKER, Muskingum College. 

Impedance Bridge.—A.C. Operated.—Everett THomp- 
son, Muskingum College. 

Capacity Operated Relay.—Davip Bamry, Muskingum 
College. 

Push-Pull D.C. Amplifier—H. W. Harniy, Ohio State 
University. 

Applications of Spectroscopy to Chemical Analysis.— 
WALLACE R. Brope, Ohio State University. 

Gasoline.—Paut D. Foote, Gulf Research and Develop- 
ment Company. (By invitation.) 


PROGRAM OF AFTERNOON SESSION 
Notes on Ohio Physics Club History.—H. P. Knauss, 

Ohio State University. 

An Optical Method for the Measurement of Ultrasonic 
Absorption. E. C. Greco, Jr., Case School of Applied 
Science.—According to Lucas and Biquard, the trajectories 
of parallel rays of light entering a plane sound wave 
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parallel to the wave front may be expressed by 


. we . wet bn\' 2x 
sins =sin n su| x-+9(") |, 


where z is the direction of the sound wave, y the direction 
of the light rays, A the wave-length of the sound and in 
the variation of the index of refraction. At the point of 
convergence of the rays of light, the expression becomes 


A no 4 A no 4 
= Ko—| — } =1.570—| — } - 
” (2) . *(*) 


Since 5n is directly proportional to the change in pressure 
5p at the same point, and the change in pressure is a direct 
function of the intensity, the focal distance, yo, can be 
used as a measure of the relative or absolute intensities 
of the sound wave along the z axis and, hence, a measure 
of the absorption. The measurements of absorption, 
however, hold true only for traveling sound waves. In the 
experimental arrangement, the optical path consists of an 
intense source of light converged through a Kerr cell 
system onto the slit of a spectroscope. The parallel rays 
thus formed are projected through the liquid normal to 
the sound wave and the points of convergence are found 
by means of a microscope. The sound waves are projected 
from one end of the trough by a vibrating quartz crystal 
and absorbed at the other by a unit analogous to a black- 
body absorber in optics.! The trough is moved relative 
to the spectroscope and microscope by the table of a linear 
dividing engine. The electrical circuit consists of a single- 
tube crystal-controlled cathode-regenerative oscillator 
giving a frequency of 1901.5 kc and a power output of 
175 watts. The oscillator drives not only the crystal 
through a link coupling and an attenuator unit but also 
the power amplifier for the Kerr cell stroboscope. The 
amplifier is provided with a variable grid bias to control 
the duration of the impulse and hence the sharpness of 
the convergence lines. 
1F. E. Fox and G. D. Rock, Phys. Rev. 54, 223 (1938). 


Photographic Analysis of Spectacle Adjustments.—J. C. 
Kenoe, Univis Lens Company. Research Fellow, Ohio 
State University. 

Psychological Factors in the Adjustment of the Eye to an 
Optical Instrument.—H. W. Horstetter, White Haines 
Optical Company. Research Fellow, Ohio State Uni- 
versity. 

Two Aids to Laboratory Instruction.—L. W. Tavytor, 
Oberlin College. 

Instructional Uses of the Cathode-Ray Oscilloscope.— 
C. E. Howe, Oberlin College. 

Permeability of Iron Wires at Radiofrequencies.—F. P. 
Dickey, Ohio State University. 

Cloud-Chamber Study of Heavy Particle Showers in 
Lead Plates.—Witson M. Powe i, Kenyon College. 
Place of the Physicist in Industry.—A. R. OLPIn, Research 

Foundation, Ohio State University. 


RicHaArD H. Howe, Secretary-Treasurer 
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Proceedings of the American Physical Society 


MINUTES OF THE WASHINGTON D. C. MEETING, APRIL 25-27, 1940 


HE 234th regular meeting of the American 
Physical Society was held at Washington 
D. C. at the National Bureau of Standards on 
Thursday and Friday, April 25 and 26, 1940, and 
at the National Academy of Sciences on Satur- 
day, April 27, 1940. There were three parallel 
sessions for the reading of contributed papers on 
Thursday morning and afternoon and on Friday 
morning and afternoon. On Saturday morning 
and afternoon there were two parallel sessions. 
The attendance at the meeting was over nine 
hundred. 

On Friday evening the Society held a dinner 
at the Wardman Park Hotel attended by three 
hundred members and guests. President John 
Zeleny presided. The guest speaker was Pro- 
fessor George Gamow of George Washington 
University. 

Meeting of the Council. At its meeting held on 
Thursday, April 25, 1940, the death of one fellow 
(A. deF. Palmer) was reported. One candidate 
was reinstated to fellowship, one candidate 
elected to fellowship, and five candidates trans- 
ferred from membership to fellowship. Fifty-one 
candidates were elected to membership. Rein- 
stated to Fellowship: Ernest Blaker. Elected to 
Fellowship: Gleb Wataghin. Transferred from 
Membership to Fellowship: Felix Cernuschi, 
George B. Collins, Elbe H. Johnson, J. K. Knipp, 
and R. S. Krishnan. Elected to Membership: 


Hiroo Aoki, C. E. Barthel Jr., Grant S. Bennett, 
V. E. Bottom, Arnold E. Bowen, Eleazer Brom- 
berg, Ralph H. Caston, Robert L. Chasson, John 


W. Coltman, Rudolf Drenick, Alexander J. Fer- 


guson, S. Phillips Frankel, George R. Gamerts- 
felder, Edward Gerjuoy, Lee W. Gildart, William 
E. Good, Harold D. Green, William C. Hahn, 
Oscar L. Hay, J. Richard Haynes, Hugh F, 
Henry, Marshall G. Holloway, George A. Horn- 
beck, Paul S. Johnson, Charles B. Jordan, 
Howard R. Kelly, John G. Kirkwood, Robert T. 
Lagemann, Joseph Lempert, Cyril E. McCellan, 
Donald B. McNeill, Charles R. Mingins, T. H., 
Mueller, Koju Noguchi, Shuzo Odajima, Anton 
Petrovich, Joseph B. Platt, Frederick Reines, 
Philip S. Riggs, George B. Salmons, Chalmers 
W. Sherwin, Arnold J. F. Siegert, Milton M. 
Slawsky, E. Howard Smith, Gail P. Smith, 
Maurice R. Smith, Arthur L. Stauffacher, Franz 
S. Veith, David P. Wheatland, Gerald A. 
Wrenshall, and Violet Wu. 

The regular scientific program of the Society 
consisted of 179 contributed papers of which five, 
numbers 2, 19, 20, 55 and 57, were read by title. 
The abstracts of these papers are given in the 
following pages. An author index will be found 
at the end. 

HAROLD W. WEBB 
Acting Secretary 


ABSTRACTS 


1. The Diffraction of X-Rays by Liquid Argon. A. E1sEN- 
STEIN AND N. S. GinGricu, University of Missourt.—The 
x-ray diffraction pattern of liquid argon has been obtained 
using crystal reflected MoKa radiation. Argon gas under a 
gauge pressure of 50 Ib. per sq. in. was cooled to 90°K ina 
thin-walled Pyrex glass capillary of about 1.7 mm diameter 
and under these conditions the argon became liquid. An 
evacuated camera of 9.53 cm radius was so constructed 
that the film could be placed outside the vacuum, with 
entrance and exit windows of aluminum. Exposures of 140 
hours were required to give patterns of satisfactory density. 
Of six pictures taken, three could be used. Microphotom- 
etering the films showed three peaks: a very strong peak 
at sin 0/A=0.154, a medium peak at sin 0/A=0.280 and a 
weak peak at sin 0/A=0.415. No evidence of another peak 
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could be found beyond this and up to sin 6/A =0.75. Keesom 
and de Smedt! observed peaks at 0.159, 0.231 and 0.371 
using Mo filtered radiation and at 0.151 and 0.269 using 
Cu filtered radiation. A preliminary Fourier analysis of 
our diffraction pattern results in an atomic distribution 
curve (4xr%p(r) vs. r) showing approximately 7 atoms at 
3.90A and 5 atoms at about 5.05A. A third broad peak 
occurs at over 7A. This indicates that the distribution of 
atoms in liquid argon does not follow closely that in 
crystalline argon, since in the crystal there are 12 nearest 
neighbors. Further experimental work is in progress toward 
improving the experimental determination of the diffrac- 
tion pattern, to give the basis for this conclusion a more 
critical examination. 
1 Keesom and de Smedt, Proc. Amst. Acad. 12, 1 (1923). 
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2. The Diffraction of X-Rays by Indium, Cadmium, Zinc, 
and Chlorine in the Liquid State.* CarL GAMERTSFELDER, 
University of Missourt.—The x-ray diffraction patterns of 
the liquid elements indium, cadmium, zinc, and chlorine 
were obtained at different temperatures, using strictly 
monochromatic MoKa x-rays and a camera of 9.20 cm 
radius. Atomic distribution curves were obtained in the 
usual manner. Three diffraction maxima were obtained 
for indium at 160°C and 390°C, The main peak for 160°C 
was at sin 0/A=0.179 and for 390°C was at sin @/A=0.177. 
The distribution curves show a concentration of 8 atoms 
at 3.30A for 160°C and 3.36A for 390°C; also a concentra- 
tion of 4 atoms at slightly more than 4A in each case. In 
the crystal there are twelve nearest neighbors at an average 
distance of 3.32A. Cadmium at 350°C had three diffraction 
maxima, with the main peak at sin 6/A=0.202. The dis- 
tribution curve shows a concentration of 8 atoms at 3.06A 
with a secondary concentration of 4 atoms at about 4A. 
In the crystal there are twelve nearest neighbors at an 
average distance of 3.16A. Zinc at 460°C had three diffrac- 
tion maxima the second of which, at sin @/A=0.228, was 
most intense. The distribution curve has a concentration of 
11 atoms at 2.94A. In the crystal there are twelve nearest 
neighbors with an average distance of 2.8A. For chlorine 
the distribution curve shows that there is one nearest neigh- 
bor at 2.0A. 

* Read by title. 


3. A Comparison of Liquid Diffraction Patterns Using 
Crystal-Reflected and Filtered X-Rays. N. S. GincRIcH 
anD R. Q. GreGG, University of Missouri.—X-ray diffrac- 
tion patterns of liquids are used for the determination of 
the structure of liquids through the use of a theoretical 
treatment that presupposes monochromatic incident x-rays. 
Monochromatic x-rays of sufficient purity can readily be 
obtained by crystal reflection, but the intensity of the 
reflected beam is so low that exposures of great length are 
required. A comparison has been made between diffraction 
patterns of liquid sodium at 117°C taken (1) with crystal 
reflected x-rays and (2) with x-rays filtered in several 
different ways. With a Mo target tube operated at 37 kv 
all filtered radiation patterns show a spurious peak at small 
angles due to continuous radiation, and they all show 
larger background over the whole pattern relative to the 
main peak intensity. If filtering with double thickness of 
ZrO, and narrow slits are used the resolution of the first 
two true peaks approaches that of the crystal reflected case. 
But the exposure time for the filtered case is then greater 
than the crystal reflection. Using a tube voltage of 29.5 kv 
and the usual filtering reduced the spurious peak greatly, 
but the exposure time was again greater than with crystal- 
reflected x-rays. Thus, for reliable patterns from which 
quantitative conclusions are to be made it appears to be 
both desirable and expedient to use crystal reflected x-rays. 


4. The L Emission Band of Aluminum. D. H. Tom- 
BOULIAN AND WILLOUGHBY M. Capy, Cornell University.— 
The emission band due to transitions from conduction to L 
levels has been photographed on Q plates in a vacuum 
grating spectrograph with a dispersion of 1.2 A/mm and a 
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resolving power of 300. For homochromatic photometry 
two unequal exposures were obtained on each spectrogram 
by raising or lowering the plate holder through an externally 
controlled mechanism. The effect of light fog was com- 
pensated. This procedure also serves as a convenient means 
for obtaining the calibration curve of the plate in the 
region of the band (170-240A). The x-ray technique re- 
sembled that of O’Bryan and Skinner.’ During an exposure 
(1-2 hours) the surface of the target was renewed every few 
minutes by evaporation. A plot of the relative intensity of 
radiation as a function of the energy of the emitted x-ray 
photons shows a more marked minimum near the band 
head and a band width comparable to those reported 
previously.. ? The present measurements give a band 
width of 10.2 ev. 


1 O'Bryan and Skinner, Phys. Rev. 45, 370 (1934). 
2 Siegbahn, Ergebnisse der exakten Naturwissens. 16, 104 (1937). 


5. Decrease of Skin Damage by Deflecting Secondary 
Electrons from a Beam of One Million-Volt X-Rays. G. 
FAILLA AND Epita H. Quimsy, Memorial Hospital.—Pre- 
vious experiments in this laboratory have shown that the 
biological effectiveness of gamma-rays can be reduced 
considerably by removing from the beam many of the 
associated secondary electrons. The thickness of tissue in 
which this obtains is of the order of one millimeter for one 
million-volt x-rays. Skin erythema results largely from 
injury to cells situated close to the surface. Accordingly it 
should be possible to reduce skin damage of this type by the 
suggested method. Tests have been made by covering with 
rubber (entirely material of low atomic number) one-half 
of the skin surface exposed to one million-volt x-rays. The 
skin area irradiated through rubber shows a distinct ery- 
thema, whereas the other half shows no reddening at all. 
In these tests the x-rays traversed a considerable thickness 
of air between the last collimating diaphragm and the 
patient’s skin, for the purpose of scattering many of the 
secondary electrons out of the beam. No magnetic field 
was used. The simplicity of the method makes it readily 
applicable to the treatment of patients. 


6. The Auger Effect in X-Ray Line Widths. Joun N. 
Cooper, Cornell University—The Auger (radiationless) 
transition Ly}—Ly111 Mry.y is believed to be responsible for 
the curious variation of the intensity of the satellites of the 
x-ray lines La, and Lf; in the range of atomic numbers 
70 <Z=81. This Auger transition is forbidden (conserva- 
tion of energy) for Z<73, but its probability increases 
rapidly with atomic number from Ta (73) to TI (81). 
When present, this transition provides a process alternative 
to photon emission by which an atom may leave the Ly; 
state, and the additional process should be accompanied 
by an increase in the width and a decrease in the intensity 
of every line originating from the state of Ly ionization. In 
the present work, widths of selected lines arising from Ly, 
Ly, and Lyyz initial states for elements in the range 
73=Z=81 have been measured with a two-crystal spec- 
trometer. The Ly line widths relative to the Ly, 111 line 
widths are observed to increase with atomic number. Quali- 
tative comparison of intensities further shows that the Ly 
lines relative to the Ly1,111 lines become less intense as 
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the atomic number increases. These observations are in 
accord with the expected influence of the Auger transitions. 


7. New X-Ray Laboratory of The National Bureau of 
Standards. Lauriston S. Tayitor, National Bureau of 
Standards.—A combined x-ray and high voltage laboratory 
has just been completed at the National Bureau of Stand- 
ards and a brief description of the x-ray part will be given. 
The laboratory consists essentially of a large transformer 
bay 132’ 65’ X60’ high and five laboratory floors 30 X 132’. 
The space is about equally divided between high voltage 
testing and x-ray investigations. The new equipment con- 
sists of a 1.4 million-volt 15-ma direct-current end ground 
generator (0.08 percent ripple per ma) in which the polarity 
may be reversed. This supplies either of two x-ray tubes 
now being installed or an ion tube to be installed in the 
future. For the protection of the operators x-ray targets are 
located behind heavy concrete protective barriers, where 
the physical measurements will be made. Voltage is meas- 
ured with a potentiometer voltmeter operating through a 
wire resistance of 1.410° ohms. A generating voltmeter 
will be used for control purposes. On the second floor is a 
400-kv center ground d.c. generator with connections to 
any one of three tubes. On the third floor is a 220-kv 30-ma 
half-wave rectifier set for use with liquid ionization meas- 
urements. On the same floor is a 180-kv d.c. set for low 
power exploratory work. The laboratory will be open for 
inspection during the meeting. 


8. Critical Phenomena. E. F. MuELLer, Epwarp O. 
SPERLING AND D. C. Ginnincs, National Bureau of Stand- 
ards. (Introduced by R. S. Jessup.)—An apparatus, de- 
signed to exhibit particularly the large changes in density 
occurring below the critical temperature in both liquid and 
vapor, will be exhibited. The changes occurring in the 
apparatus will also be shown with lantern slides. 


9. New Measurements on the Dielectric Constants of 
Eight Gases. L. GRantT HECTOR AND DonaLp L. WOERN- 
LEY, The University of Buffalo—The heterodyne beat fre- 
quency method of determining dielectric constants of gases 
previously described by Hector and Schultz! has been 
improved and the equipment rebuilt to increase the 
sensitivity of the apparatus and to improve the reliability 
of the data. So far eight gases have been measured (helium, 
neon, argon, hydrogen, oxygen, nitrogen, carbon dioxide, 
and air). The value for air is found to be somewhat lower 
than that previously reported from this laboratory, but it 
is in very close agreement with that computed from the 
values for its constituents as individually determined with 
the new equipment. 

1 Hector and Schultz, Physics 7, 133-136 (1936). 


10. The Electrical Breakdown Strength of Glasses 
Versus Crystals as a Function of Temperature. A. von 
HIPPEL AND R. J. MAuRER, Massachusetts Institute of 
Technology.—The breakdown strength of alkali halide 
crystals increases with temperature in the lower tempera- 
ture range.' This effect was interpreted in analogy to the 
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temperature coefficient of the resistance in metals: the 
probability for scattering of electron waves is increased 
by the thermal disordering of the periodic structure, If 
this explanation is right, the effect should be absent jp 
materials without periodicity. Glasses have therefore been 
studied, and especially quartz glass has been compared 
with quartz crystals. The result is, that not only the in. 
crease of the breakdown strength is absent in glasses byt 
even a decrease has been observed over the whole tem. 
perature range measured. A slow decay at low tempera. 
tures is probably due to polarization phenomena, while a 
rapid decrease at higher temperatures is produced by 
thermal breakdown. 
1R. C. Buehl and A. von Hippel, Phys. Rev. 56, 941 (1939). 


11. Dielectric Research at Ultra-High Frequencies with 
a New Method. S. RoBerts AND A. von HIPPEL, Massa- 
chusetts Institute of Technology.—In the course of a larger 
research program about the sources of dielectric loss the 
authors have developed a new method for measuring the 
dielectric properties of solids and liquids in the ultra-high 
frequency range. The material is inserted in the closed end 
of a rectangular metal pipe or a coaxial line. A detector 
with a probe pointing into the pipe through a slot travels 
parallel to the axis, driven by a precision screw arrange- 
ment. A standing electric wave is generated in the pipe 
and its position and the relative amplitudes at node and 
antinode outside the dielectric material are measured with 
high accuracy; ¢’ and e”’ can be calculated from these data. 
Some results for \=5.9 cm are given. Adaptability to any 
kind of material, avoidance of boundary difficulties, and 
high precision while using small amounts of the dielectric 
are special advantages of the method. 


12. Air Friction on a Centrifuge Rotor as a Function of 
Pressure and Rotor Speed. J. M. CRANFORD, University of 
Virginia. (Introduced by J. W. Beams.)—An inverted type 
ultracentrifuge’ was surrounded by a concentric ring 
suspended between two guard rings by a steel fiber. The 
frictional torque on the ring was measured by its angular’ 
deflection. Pressures of air were from 0.1 cm to 10 cm. 
Linear peripheral speeds of the centrifuge rotor were from 
15 m/sec. to 420 m/sec. Plotting torque against rotor 
speed at constant pressure, the dependence for smaller 
speeds was approximately linear, the slope being inde- 
pendent of the pressure. When the critical Reynolds’ 
number is reached, an abrupt decrease in torque is noted, 
The critical Reynolds’ number is constant (about 1500). 
For speeds above this point the initial slope of the curve is 
smaller, but shows a steady increase with speed. At the 
critical Reynolds’ number the suspended ring is very 
unstable, but measurements immediately above and below 
this point are reliable. 

1 Beams and Linke, Rev. Sci. Inst. 8, 160 (1937). 


13. A Quantity-Type Rotor for the Ultracentrifuge. A. 
Victor MasKEt, University of Virginia.—The fixed angle 
quantity-type rotor* for the ultracentrifuge has been 
modified so that the holes are inclined at 10° to the axis of 
rotation (vertical). The rims of the Lusteroid tubes which 


















































als: the 
\creased 
ture, If 
sent in 
re been 
mpared 
the in- 
ses but 
le tem- 
-m pera- 
while a 
ced by 


). 


ies with 
Massa- 
a larger 
loss the 
ing the 
ra-high 
sed end 
letector 
travels 
rrange- 
he pipe 
de and 
od with 
se data. 
to any 
es, and 
electric 


tion of 
sity of 
d type 
ic ring 
or. The 
angular 
10 cm. 
re from 
t rotor 
smaller 
x inde- 
ynolds’ 
noted, 
1500). 
urve is 
At the 
s very 
| below 


ige. A. 
1 angle 
s been 
axis of 
which 











are used to hold the centrifugate are flared to serve as 
gaskets. Duralumin plugs are screwed into the rotor over 
the tubes and serve to prevent loss of material and main- 
tain a vacuum seal. Advantages of the new design are (1) 
greater efficiency, (2) collapse of the tubes is prevented, (3) 
fewer and longer tubes can be used with equivalent capac- 
ity, (4) reduction in diameter of the rotor. A rotor of this 
design has been used successfully for the differential con- 
centration of proteins in undiluted blood serum. 


1 Bauer and Pickels, J. Exp. Med. 64, 503 (1936). 
2 Beams, Linke and Sommer, Rev. Sci. Inst. 9, 248 (1938). 


14. An Electric Ultracentrifuge Motor. C. SKARsTROM 
anp J. W. Beams, University of Virginic.—The a.c. electric 
motor drive and magnetic support for ultracentrifuges! 
have been improved and their operation simplified. The 
motor armature comprises a solid steel cylinder (1}” dia.) 
and a magnetic support core (}}” dia.) mounted coaxially 
on a stainless steel tubular shaft (}’’ O.D.). Cooling water 
passes through the hollow armature shaft. A two-phase 
salient pole stator produces the rotating magnetic field 
when fed from the output of a “‘transitron’’? oscillator and 
power amplifier. Condensers in series with the motor field 
windings split the phase and match the load to the power 
amplifier. With 1-kw motor input at 1180 cycles per sec. 
the rotating magnetic field develops 600 g cm torque 
throughout the starting period up to about 10 percent slip 
(} hp. at 1000 r.p.s.). A 7}-lb. rotor 63” dia. of 81,000 
g cm? moment of inertia has been accelerated to 1000 
r.p.s. in 18 minutes. At this speed a slip-speed control 
actuated by a magnetic pick-up on the motor shaft sharply 
reduces the power input to the motor to about 450 watts 
and automatically maintains the speed of the ultracentri- 
fuge within +4 r.p.s. Synchronous household electric clocks 
with rewound field coils measured the drive frequency and 
slip speed. 


1 Beams and Black, Rev. Sci. Inst. 10, 59 (1939). 
2 Brunetti, Rev. Sci. Inst. 10, 85 (1939). 


15. The Aerodynamics of Golf Balls. J. M. Davigs, The 
B. F. Goodrich Company.—The aerodynamic forces on a 
golf ball were studied by dropping a spinning ball through a 
horizontal wind-stream having a velocity (V) of about 105 
feet per second. The lift (Z) and drag (D) were calculated 
from the drift of the ball at rotational speeds (V) up to 8000 
r.p.m. For a standard golf ball weighing 0.1 Ib., the lift 
varied with the rotational speed as L=0.064 (1-exp.— 
0.000260.V) with a maximum observed value of 0.055 Ib. 
The drag increased nearly linearly from about 0.06 Ib. 
for no spin to about 0.1 Ib. at 8000 r.p.m. For a nonrotating 
standard ball the results are consistent with the equation 
D=22.7X10-*V**. The most surprising result was that 
with a smooth ball the lift was negative below 5000 r.p.m. 
Aboye this speed it was normal in direction but less than 
for the standard ball. The drag was nearly constant at 
about 0.08 Ib. Balls with shallower dimples gave inter- 
mediate results. The negative lift can be explained on the 
basis of negative pressure at the surface above the critical 
speeds for turbulent flow. Driving tests were consistent 
with the wind tunnel data. These results explain why long 
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drives cannot be obtained with a ball having a smooth 
surface, and why the standard dimple or mesh surface 
gives the golfer much greater distance and better control 
of the ball. 


16. Ultrasonic Velocity and Absorption in Liquids. 
GERALD W. Witarp, Bell Telephone Laboratories.—An 
ultrasonic light-diffraction cell was used for measuring the 
velocity and absorption of sound in some fifty transparent 
liquids at frequencies 6, 10, 18 and 30 mc. Velocity was 
obtained from diffraction spectra spacing. Absorption was 
obtained from sound radiator voltages required to produce 
certain color transmission effects at measured distances 
along the sound beam. The velocity was found to be inde- 
pendent of frequency, within experimental error of several 
tenths percent. This in itself indicates absence of anomalous 
absorption within the frequency range covered. The ab- 
sorption, where measurable at all four frequencies, was not 
found to differ from the expected proportionality to fre- 
quency squared. There appears to be nocorrelation between 
measured absorptions and those calculated from viscous 
and thermal losses. Absorption measurement error runs 
from 5 to 50 percent, depending on material and frequency. 
Typical values of the amplitude absorption per centimeter 
divided by the frequency squared, 10" a/f*, are: carbon 
disulfide, 74; glycerine, 26; benzene, 8.3; chloroform, 3.8; 
chlorobenzene, 1.7; nitrobenzene, 0.9; acetone, 0.6; water, 
0.33. 


17. Calculation of Acoustic Waves with Irregular 
Boundaries. RicHarp H. Bo.t,* Massachusetts Institute of 
Technology. (Introduced by P. M. Morse.)—The nature of 
normal modes in an enclosure of arbitrary shape is of 
practical concern in the development of room acoustics 
theory. For certain types of boundary irregularities, a 
modification of the net-point method! is applied to the 
calculation of wave functions. In this method, “arbitrary” 
values are first assigned to lattice points covering the 
region, and then improved by successive application of a 
difference equation. To obtain states higher than the funda- 
mental, orthogonality conditions must be imposed. This 
would make the method cumbersome for acoustics, in 
which higher modes are of chief interest. It is found, how- 
ever, that the approximate orthogonality obtained by 
inserting appropriate nodal lines and changes of sign in the 
initial guess appears to yield convergence directly on any 
desired mode. For minor irregularities on the walls of a 
rectangular room, the unperturbed wave function may be 
used for the first guess. As an example, some cases are 
calculated for a rectangular beam on a wall, with several 
ratios of beam width and depth to wave-length. For major 
distortions of shape, experimental plots giving at least the 
nodal lines are useful for obtaining initial values. Examples 
are calculated for comparison with recent experiments* and 
found to be in good agreement. Some of the practical 
implications are mentioned. 


* National Research Fellow. 
1G. E. Kimball and G. H. Shortley, Phys. Rev. 45, 815 (1934). 
2R. H. Bolt, J. Acous. Soc. Am. 11, 184 (1939). 
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18. A Method for Solving the Wave Equation in a Re- 
gion with Perturbed Boundaries. H. FEsHBAcCH AND A. M. 
CLocston, Massachusetts Institute of Technology.—A de- 
scription is given of an application of perturbation methods 
to the solution of partial differential equations with par- 
ticular boundary conditions on a surface slightly deformed 
from some regular shape for which the exact solutions are 
known. If the original boundary is f(x,y) and the deformed 
boundary is F(x’,y’), a transformation x’=<x’'(x,y), y’ 
=y’'(x,y) is found such that the transformed function 
(x,y) = ¥(x’,y’) satisfies the same boundary conditions on 
f(x,y) as y does on F(x’,y’). In the new coordinate system, 
perturbation terms are introduced into the original dif- 
ferential operator, and the usual methods of perturbation 
theory are applied. The first-order change in the eigenvalue, 
which vanishes when no volume change is involved, agrees 
with the result obtained in a different manner by H. 
Froelich.! The method is applicable to acoustic and elec- 
tromagnetic problems. For the acoustic case the velocity 
potential ¥ obeys the equation V*¥y+*y =0 with dy/an =0 
on the boundaries. Formulae are given for the matrix 
components of the perturbation terms which allow the 
computation of the distorted wave patterns arising from 
certain deformations. Comparison is made with recent 
experiments in acoustics on standing waves in enclosures 
of irregular shape.” 


1H. Froelich, Phys. Rev. 54, 945 (1938). 
2 R. H. Bolt, J. Acous. Soc. Am. 11, 184 (1939). 


19. The Classical Theory of Shock and the Theory of a 
Propagated Discontinuity.* L. Tompson, Naval Proving 
Ground.—Rayleigh and others approached the problem 
from the standpoint of a condensation cycle of concurrent, 
continuous changes of pressure, density, and velocity of 
air particle. The formula 


v.=(2)' 


is the wave velocity relative to the velocity of flow within 
the wave. Hugoniot’s theory of a discontinuity of the 
second order does not involve discontinuous change of 
particle velocity when the surface is penetrated by a 
particle. Finite time is required to accumulate finite change 
of velocity under a finite (jump of) acceleration. Or we 
may say no finite proportion of molecules will experience 
collision precisely at instant of passing shock surface, 
though there is a jump in density. The equation between p 
and wave velocity so defined with respect to undisturbed 
medium v= (dp/dp)},! gives pressures of the order of those 
by Rayleigh. Differences are reasonable as being effect 
of dealing in one case with a true discontinuity and in the 
other (through continuous processes) with an approach 
to perfect abruptness. Both procedures are faulty in em- 
ploying at some point the thermodynamics of equilibrium. 
The theory of discontinuity seems less vulnerable in this 


respect. 


* Read by title. 
1L. Thompson, J. Acous. Soc. Am. 11, 245 (1939). 
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20. Solution of Laplace’s Equation in Application to the 
Artificial Drainage of Waterlogged Land Overlying an 
Impervious Layer.* Don Kirkuam, Utah State A griculturg} 
College.-—Drainage is to be effected by circular drains of 
radius r buried in equispaced horizontal lines distance g 
apart and d deep. The water table, in keeping with field 
experiments, is assumed horizontal and is distance h above 
the impervious layer. Laplace’s equation is solved for the 
velocity potential subject to the boundary conditions that 
at the water table and drains the pressure is atmospheric, 
and that the impervious layer is a streamline. From the 
velocity potential the quantity of water flowing into unit 
length of drain per second is found to be 








Q= 
2rKygd 
siah — - dah *) 
a 
logs ———+ 5 (—1)** loge] 1-—| ——— 
. . 2ud ant . , 2anh 
sinh —— sinh 


where, besides the symbols already defined, K=k/y, k is 
the soil permeability, 4 the viscosity of water, y the density 
of water, and g has its usual meaning. This equation 
exhibits a maximum for Q when d is somewhat smaller than 
h. For the case r =4.5 in., h=6 ft., a= 50 ft., 0 isa maximum 
when d=4.5 ft.; whereas, when d=5.62 ft. (drains next to 
impervious layer), Q is about the same as for d=3 ft. These 
results indicate that the present-day practice of placing 
drains immediately next to the impervious layer should be 
modified. 
* Read by title. 


21. Characteristics of a Low Cost Hydrogen Liquefier. 
CuHares F. Squire, University of Pennsylvania.—The 
general features of this type liquefier have been described 
by Ahlberg, Estermann, and Lundberg.’ Simon? has sug- 
gested the use of such a liquefier for precooling a helium 
liquefier of his design. In our liquefier the experimental 
chamber (it could also be a helium liquefier) is an integral 
part; thus we avoid a second cryostat with the accompany- 
ing transfer losses and liquid nitrogen consumption. Opera- 
tion characteristics are discussed with slides. We are using 
this cryostat for studies in antiferromagnetism. 

1J. E. Ahlberg, I. Estermann and W. O. Lundberg, Rev. Sci. Inst. 8, 


J 
422 (1937). ra 
2A. H. Cooke, B. V. Rollin and F. Simon, Rev. Sci. Inst. 10, 251 


(1939). 


22. Abundance of Molybdenum Isotopes. G. E. VALLEy, 
Harvard University.—An analysis of the relative abundance 
of the molybdenum isotopes has been made, using a mass 
spectrometer of the magnetic analyzer type. Mo* ions 
were formed by the intersecting of a beam of molybdenum 
vapor and a stream of electrons of sufficiently low energy 
so that no Hg*t* ions were formed. The ion currents were 
measured by a d.c. amplifier of the usual type, operating 
at a sensitivity of 46,700 mm/volt and employing a grid 
resistor of 210° ohms. The values found are: 


Mo 92 94 95 96 97 98 100 
1449 940 161 166 9.65 24.1 9.25 
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The accuracy is 1.0 percent. These values lie between those 
of Aston' and of Mattauch and Lichtblau? which were 
obtained photographically. 


1F. W. Aston, Proc. Roy. Soc. A130, 302 (1931). 
2]. Mattauch and H. Lichtblau, Zeits. f. physik. Chemie B42, 288 


(1939). 


23. The Weber-Fechner and Granit-Harper Laws for 
Heat Sensation. L. P. Granatu, New York University, 
C. M. HERGeET AND J. D. Harpy, Russell Sage Institute of 
Pathology, New York Hospital.—Investigations were made 
to test the validity of the Weber-Fechner and Granit- 
Harper Laws for heat sensation. Heat radiation from a 
1000-watt tungsten lamp was used to irradiate the black- 
ened forehead of the subject. This radiation was interrupted 
by a rotating half-sector; the frequency of interruption 
was adjusted by the subject until the flicker of heat on the 
forehead was smoothed out into a sensation of continuous 
warmth. This critical frequency was regarded as represent- 
ing the S (sensory response) of the Weber-Fechner and 
Granit-Harper Laws. Readings were taken in this manner 
for intensities ranging from 145X10-§ to 2720x10-° 
gram cal. sec.“ cm™, and areas of exposed forehead from 
27.3 to 1.0 cm*. The plots of log of intensity of heat stimulus 
vs. critical frequency for constant area, and log of area vs. 
critical frequency .for constant intensity, gave in general 
straight lines, indicating conformity to the Weber-Fechner 
and Granit-Harper Laws over most of the range. Possibili- 
ties of deviations at the extremes will be discussed. 


24. A New Direct Reading Densitometer. Cuar.es E. 
BucHwaLD, Haskins Laboratories, Inc., AND FRANKLIN S. 
Coorer, National Photocolor Corporation.—The authors 
have designed a densitometer for the measurement of the 
density of photographic plates. This instrument has in- 
corporated in it several novel features which are worthy of 
description. The range of density covered is from 0-3 
(i.e., transmission of 1 to 0.001). The scales are practically 
linear and the over-all accuracy is greater than 0.005 
density unit. The circuit consists of two vacuum photo- 
electric cells arranged in a bridge circuit so that line fluc- 
tuations have an insignificant effect on the reading. Balance 
is indicated by means of a cathode-ray indicator. The light 
falling on the photo-cell in the known arm of the bridge is 
controlled by means of a circular logarithmic wedge and a 
triangular wedge working together to give a range of 
illumination of 1 to 1/1000. Because of inherent difficulty 
in making the circular logarithmic wedge and triangular 
wedge the instrument has to be calibrated for accurate 
work. This, however, does not present any difficulty. 
Details of the circuit, construction, and operating charac- 
teristics will be given. 


25. A Fast Recording Spectrophotometer. J. B. H. 
KuPer, Washington Biophysical Institute, anv F. S. 
BRACKETT, National Institute of Health—A spectrophotom- 
eter recording transmission curves in the visible region 
from 4300 to 7200A in four minutes has been constructed. 
This instrument has an effective slit width of about 10 
angstroms, which is practically constant throughout the 
spectral range covered. The slits are operated by a cam 
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shaped to correct for the spectral sensitivity of the photo- 
cell, transmission and dispersion of the instrument, and 
the emission curve of the lamp, giving an almost flat line 
for 100-percent transmission. The optical system is of the 
Littrow type, employing a large 60° and a 30° prism of 
dense flint glass and an off-axis parabolized mirror. The 
definition permits resolving the D lines. The recording 
system consists of an electrometer tube amplifier and Moll 
galvanometer, period 0.2 sec. The stability attained is 
such that zero points need only be introduced by occulta- 
tion at intervals of a half-minute. A pneumatic device 
places the sample and reference cells alternately in the 
beam, making a complete interchange in less than a second. 
Hence, no appreciable error is introduced by fluctuations 
in the source. The unknown and reference curves are thus 
built up of about three hundred points each, or on the 
average one point per 10 angstroms. 


26. Quartz Double Monochromator with Single Wave- 
Length Control. F. S. Brackett, National Institute of 
Health, H. T. Wense, National Bureau of Standards, anp 
J. B. H. Kuper, Washington Biophysical Institute-—A 
quartz double monochromator has been developed which 
provides a single control for all wave-length adjustments, 
thus facilitating automatic registration. The instrument 
consists of two complete constant deviation monochro- 
mators, one of f/4 and the other f/5 relative aperture so 
that no field lenses are required for tandem arrangement. 
A common base permits use of the units independently, 
or coupled to deviate in the same or opposite directions. 
The dispersive systems each consist of two symmetrical 
tilting 30° prisms. All lenses (30 cm focal length at 4000A) 
including condensers are displaced by worm drives, gear 
coupled to a single motor. Each prism is rotated by a toggle 
connection to the adjacent lens. A family of curves have 
been obtained relating prism rotation to lens displacement 
for a wide range of deviations. This required curvilinear 
relation is fitted by a selection of a simple toggle with 
unequal arm lengths. It is shown that such a linkage may 
be described by curves depending upon scale and shape 
parameters, the former being determined by focal length 
and the latter by the geometry of the system. A two-point 
agreement is obtained yielding critical definition from 7000 
to 2000A. 


27. An Improved Method for Obtaining a Long Optical 
Path in a Limited Space. Howarp R. Kratz anp J. E. 
Mack, University of Wisconsin.—A new method has been 
devised for obtaining a long optical absorption path by 
repeated traversal of a tube. Light is reflected at one end 
of the tube by a spherical mirror, and (twice) at the other 
end by a totally reflecting prism placed at the center of 
curvature of the mirror. The prism is truncated to allow 
the light to enter and leave the system. The source is 
placed close to the prism. The system is especially well 
suited to a capillary source such as the H-6 mercury lamp. 
For using the mirror to greatest advantage the optimum 
prism angle, a few minutes less than 90°, has been calcu- 
lated as a function of the mirror radius, the width of the 
source or prism truncation, and the desired (even) number 








































of traversals ». The principal advantage over other 
methods, aside from simplicity of adjustment, is that by 
imaging the light at the prism after each double traversal 
the emergent beam is kept almost as bright as the source 
except for the loss at m/2 reflections and m refractions, 
with an angular divergence limited principally by the 
mirror aperture (except for large m). The small number of 
metallic reflections makes for great speed in the ultraviolet. 


28. Durable Low-Reflecting Films on Glass. C. HAWLEY 
CARTWRIGHT, Massachusetts Institute of Technology.— 
Evaporated films of magnesium fluoride on glass are con- 
siderably hardened by heat treatment and the effective 
hardness can be further increased by applying an oil or 
soap film, which serves as a lubricant and also makes the 
magnesium fluoride waterproof.’ Such films are practically 
as durable as the glass itself. The reflection of ordinary 
glass is reduced to about 25 percent of its former value; 
the reflection of higher index glass is reduced much more. 
A further decrease in reflection is obtained for these rugged 
films by first applying a very thin film of TiO; to the glass, 
to increase effectively its index of refraction, and then 
applying a hard film of evaporated magnesium fluoride 
which is oiled to make the magnesium fluoride hydrophobic 
and withstand abrasion. The effects outlined in this respect 
will be presented in some detail. 


1 Dr. A. F. Turner found baking at about 400°C most effective. 


29. Optical Constants of Quartz for the Extreme Ultra- 
violet. RicHARD TousEy, Tufts College—Specular re- 
flecting powers of polished specimens of crystalline and 
vitreous quartz have been measured at 45°, 60°, 75°, and 
85° from 1608A to 910A. For crystalline quartz the reflect- 
ing power at 45° varies between limits of 26 percent and 
9 percent within this wave-length range. There are two 
bands of selective reflection, at 1190A and at 1070A. 
Specimens with different orientations of the optic axis were 
tested and showed small differences in reflecting power 
near the 1190A reflection maximum. Vitreous quartz gave 
reflecting power curves a little lower than crystalline 
quartz but of the same type, with selective reflection at 
the same wave-lengths to within 20A. Dispersion and 
absorption curves were calculated from these data using 
the reflection equations for an isotropic medium. These 
curves show for all specimens a strong, narrow absorption 
band at 1190A and a weaker and broader band at about 
1060A. The transmission limit for crystalline quartz was 
found to be 1436A even for pieces as thin as 0.02 mm. 
Published dispersion formulae fit the new data to within 
experimental error as far as about 1400A, but for shorter 
wave-lengths inside the absorption bands they do not fit. 


30. The Attenuation of Infra-Red Light by Fog. J. A. 
SANDERSON, Naval Research Laboratory.—The infra-red 
absorption spectra of clean natural fogs have been meas- 
ured over the wave-length range 1-124 by means of an 
infra-red spectrometer, using as a source of light two 600- 
watt Globar heaters in a 65-cm metal mirror placed 244 
meters from the point of observation. The spectral trans- 
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mission curves, obtained for fog densities corresponding to 
visibility ranges of 0.6 to 2 km, show fairly uniform trans. 
mission for all wave-lengths and lead to the result, jp 
accordance with previous measurements and theory, that 
there is no important advantage in employing long wave. 
length infra-red light in seeing through fog. Additionaj 
measurements with a residual ray apparatus lead to the 
same conclusion. It was further observed that falling snow 
scatters all wave-lengths equally. 


31. Velocity of Light Measurements. WILMER C. Anpgp. 
son, Harvard University.—This is a continuation of pre. 
vious work. A discussion of the changes made in the ap- 
paratus during the past year will be given. The changes 
include a recorder enabling 400 records to be taken with 
a single loading, a new modulator cell, a new type of dia- 
phragm for matching the intensities of the two light beams, 
a new fluctuation stabilizer, and devices for correcting or 
minimizing the electron transit time factor. A summary of 
results up to the date of the meeting will be given. Certain 
correction factors will be discussed. 


32. Absorption Spectra of Microscopic Structures. P. A. 
CoLe AND F. S. Brackett, National Institute of Health.— 
Ultraviolet photomicrograms of human erythrocytes (red 
blood cells) have been taken at 19 selected wave-lengths in 
the range 4358 to 2265A. The intensity of absorption of 
the cells at each wave-length has been determined by an 
adaptation of standard photometric methods. A rotating 
step sectored disk is placed directly in front of the plate, 
thus making possible calibration of each exposure by sub- 
sequent densitometry. An ultraviolet absorption curve of 
the cell has been obtained which compares favorably with 
the ultraviolet absorption spectrum of hemoglobin, the 
chief absorbing constituent, as obtained by means of a 
“Spekker” photometer. This provides a test of the prac- 
ticability of the method for determining the absorption 
properties of the materials within microscopic living cells, 


33. A Comprehensive Theory of Light. Perrer Fire- 
MAN, Magnetic Pigment Company.—We have today two 
theories of light, a theory of waves and a theory of cor- 
puscles. They are both firmly grounded. Between them 
they account for all light phenomena so far observed but 
each only for a part of them. We thus have a sharply 
dualistic doctrine of light. It is attempted here to construct 
a unitary theory of light. Let us envisage light corpuscles 
as endowed with vibratory motion, as vibrating while 
moving with the velocity of light, as vibrating transversely 
to the path of propagation. Such corpuscles on passing 
over a diffraction grating would produce light spectra on 
a screen. We would then have light corpuscles capable of 
accounting for phenomena of interference and diffraction, 
and also of polarization. Thus we would have a wave 
theory of light without ether, we would have a corpuscular 
theory accounting for all light phenomena. Obviously the 
concept of vibrating corpuscles can be extended to apply 
also to electrons, protons, heavy nuclei; and so we attain 
to unity of light and matter. 
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34. On the Fine Structure Pattern of Cosmic Rays. E. J. 
ScHREMP, Washington University.—Surveys of directional 
cosmic-ray intensity at St. Louis and Columbia,* Missouri, 
have yielded concordant evidence for a fine structure pat- 
tern in the intensity distribution. This work has been 
continued in order to map the pattern exhaustively 
throughout the sky. The present revised coincidence coun- 
ter telescope possesses a reduced aperture of 5° in zenith 
angle and 15° in azimuth angle, and an increased areal 
aperture of 6 square feet, provided by 72 counters in a 
double coincidence array. Operating automatically, the 
apparatus records up to 4000 counts per point per day for 
an arbitrary 10-point curve within a given azimuthal plane. 
By selecting angular intervals of as little as 1°, it has been 
possible to improve the relative magnitudes of some of the 
observed prominences to as much as 10 percent of the total 
intensity. In a long-time pattern the magnitude of the 
prominences seems to be inherently restricted, by posi- 
tional fluctuations, to this value or less; but in short-time 
patterns this magnitude is frequently over 20 percent of 
the intensity. With the high counting rate of the present 
apparatus, one may now follow such short-time patterns 
day by day. In this way it is hoped that there may be 
extracted a correlation of the pattern fluctuations with 
magnetic and barometric disturbances. 


1E. J. Schremp and H. S. ayy A Mod. Phys. 11, 149 (1939); 
H. S. ibner, Phys. Rev. 56, 1069 ( 
*D. M. Cooper, Phys. Rev. 57, 68(A) 1040). 


35. Cosmic-Ray Showers Produced by Mesotrons. 
Witson M. Powe, Kenyon College.—Five hundred and 
three penetrating particle tracks traversing 5 lead plates 
1 cm thick were observed for shower particles in a very 
large counter controlled Wilson cloud chamber. The sensi- 
tive area measures 10.2 X 30.5 X 61 cm with the largest 
dimension vertical. The horizontal plates were approxi- 
mately 6 cm apart. The two controlling G-M counters were 
placed above and below the chamber. The chamber was 
located in the basement with 80 cm of concrete above. 
The top and bottom of the chamber are cold-rolled steel 
1.27 cm thick. Letting » be the number of rays accompany- 
ing the penetrating particle and p be the number of the 
plate starting from the top where the rays occur we have: 





n 
| 1 2 3 4 5 
1 29 5 0 1 0 
2 19 4 1 0 0 
3 27 1 1 2 1 
4 28 5 0 0 2 
5 17 6 1 2 0 
Average 24 4.2 0.6 1 0.6 





This will be compared with W. F. G. Swann’s results: 
and H. J. Bhabha’s calculations.* One particle stopped in 
the third plate. Its mass was calculated from the increase 
in ionization and was found to lie in the range of 75 to 200 
times the electron mass. Another calculation based on the 
two scattering angles and the increase in ionization gave a 
mass of 200. Twenty shower particles occurred in an up- 
wards direction, Three large bursts were observed with 
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many particles fanning out under each plate. Two heavy 
tracks occurred in one of these. 


1W. F. G. Swann, Rev. Mod. Phys. 11, 242 (1939). 
?H. J. Bhabha, Proc. Roy. Soc. Al64, 257 (1938). 


36. Use of Counters with Equalized Voltage Pulses in 
the Study of Cosmic-Ray Showers. W. E. Ramsey, Bartol 
Research Foundation of the Franklin Institute. (Introduced 
by W. F. G. Swann.) —The basic units in the systems to be 
described are trays, each consisting of 25 Geiger-Mueller 
counters. The counters are 20 cm in length and 1 cm in 
diameter and are so constructed that the sensitive areas 
may be placed very close together in the plane of the tray. 
Each counter in a tray is coupled to a terminal common to 
all by a variable condenser. The condensers are adjusted 
until single pulses from the separate counters are equal. 
The terminal common to the tray now experiehces a suc- 
cession of voltage pulses, each of which is proportional to 
the number of counters discharging simultaneously. Such 
counter tray units have been used alone, with recording 
vacuum tube circuits, for detecting and measuring multi- 
plicity of rays through their surfaces. They have been used 
in groups to form coincidence telescopes capable of auto- 
matically recording the number of rays through the various 
surfaces subject to the restriction that the rays lie in a 
specified solid angle. They are very efficient detectors and 
have been used for cloud-chamber control. Discussion and 
illustrative results of these variousapplications will be given. 


37. Further Evidence of Mesotron Showers. W. F. G. 
SWANN AND W. E. Ramsey, Bartol Research Foundation of 
the Franklin Institute-—With a sextuple coincidence set of 
Geiger counter sensitive areas, shower production was ob- 
served for cases where at least one ray had passed through 
18 cm of lead. In 2300 events there were two cases in which 
a single entering ray gave rise to a pair in the 18-cm block, 
which pair recorded on each occasion after passing through 
four separate centimeters of lead. In one case a single 
entering ray recorded on each occasion after passing 
through three individual centimeters of lead. Taking into 
account inefficiency of the counter areas, it is estimated 
that in the 2300 events there were 6 cases of pairs capable 
of passing through several centimeters of lead without 
shower production. There were 7 cases where two entering - 
rays showed as two rays without multiplication after pass- 
ing through additional individual 1 cm lead slabs. There 
were several cases in which 10 or more rays entering passed 
through the 18 cm of lead and 4 individual 1-cm slabs 
with no more reduction than was to be expected from 
counter inefficiency, and without multiplicative electron 
shower production. These results, indicating mesotron 
showers, are in harmony with data already presented by 
one of us before the Cosmic-Ray Symposium held in 
Chicago on June 27-30, 1939. 


38. Fluctuations in Cosmic-Ray Showers. W. T. Storr 
anpD G. E. UsLENBECK, University of Michigan.—W. H. 
Furry' has given an expression for the probability P(N,x) 
of finding N particles in a multiplicative shower, at depth 
x. His calculations are based on a model in which photons 
and electrons are treated identically. However, Furry's 
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expression only applies to the case of no ionization. We 
have shown that, for the same model with ionization in- 
cluded, P(N,x) can be rigorously determined if F(E,x), the 
average number of particles of energy E at depth x, is 
known. Difficulties arise in the application of this for- 
malism even when the expression for F(E,x) obtained by 
the so-called cut-off method is employed. However, as has 
been shown previously, the dispersion, N?—(N)*, can be 
computed. We have extended these calculations to the 
complete cosmic-ray shower model, using the cut-off 
method. In accordance with the predictions of Furry, we 
find again that the dispersion is much larger than that for 
a Poisson distribution. 
1 W. H. Furry, Phys. Rev. 52, 569 (1937). 


39. On the Production of Secondary Ionizing Particles 
by Non-Ionizing Agents in the Cosmic Radiation. B. 
Rossi,* L. JANossy, J. D. RoCHESTER AND M. Bounp, 
University of Manchester, England.—Previous experiments 
have shown that the number of coincidences recorded with 
a vertical counter arrangement is a few percent larger 
when some absorber is placed above the counters than 
with the same absorber between them. The effect is also 
present when the experimental conditions do not allow 
interpretation as shower production by photons. It has 
been, therefore, ascribed either to penetrating non-ionizing 
particles (neutrettos) producing ionizing secondary rays, 
or to ordinary photons producing penetrating secondary 
particles (mesotrons). In order to test these hypotheses, 
experiments were performed with an anticoincidence coun- 
ter arrangement. A cloud chamber was also used to investi- 
gate the origin of the observed anticoincidences. These 
experiments proved that only a minor part, if any, of the 
previously reported differences could be due to secondary 
effects of neutrettos or to the production of mesotrons, 
The major part of them arises from the interference of 
already known phenomena like scattering, ionization show- 
ers, showers from the air, etc. This conclusion applies only 
to experiments performed near sea level. 


* Now at the University of Chicago. 


40. On the Occurrence of Associated Mesons. T. H. 
. Jounson, R. P. Soutt anp J. G. Barry, The Bartol Re- 
search Foundation of the Franklin Institute——In a vertical 
cloud chamber 23 inches in diameter and 3 inches effective 
depth we have obtained 350 coincidence-counter controlled 
photographs (not stereoscopic) in which a penetrating ray 
passed through 15 cm of lead placed between the counters 
immediately above the chamber and through at least 
one lead plate in the chamber. The chamber contained 
three horizontal lead plates 1 cm, 5 cm and 1 cm thick, 
respectively, and spaced ten cm apart. Ten percent of the 
photographs showed an additional penetrating ray which 
appeared to emerge from the lead above the chamber 
simultaneously with the principal ray. About half of these 
additional rays appeared to intersect with the principal 
ray in the lead block. Although giving the appearance of 
being associated with the principal ray these additional 
rays occurred with just the frequency to be expected by 
chance if the rays were all independent and the sensitive 
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time of the chamber has the reasonable value of 1/20 sec. 
The fraction of the additional rays which appeared to 
intersect in the upper lead block with the principal ray 
was also in agreement with the chance expectation. In 609 
photographs we have observed 518 mesons traversing the 
5-cm lead plate and 773 traversals of the 1-cm lead plates 
in the chamber. Forty-six possible knock-on electrons were 
found but except for two doubtful cases in the upper and 
middle plates and three undetermined secondaries from 
the lower plate no penetrating secondaries were seen, 


41. On the Theory of Cascade Showers. H. A. Berne, 
Cornell University.—It is often important to know the 
maximum number Nmax of electrons in a shower for given 
energy Eo of the primary. In previous theories,’ N,,,, 
was calculated numerically, the result being rather uncer. 
tain because of (a) the inaccurate definition of the critica] 
energy ¢ at which radiation and ionization loss are equal, 
(b) the neglect of ionization losses for energies >e, (c) the 
unsatisfactory treatment of the electrons below «. How- 
ever, Nmax can be calculated quite accurately from the fact 
that ultimately all the energy must be transformed into 
ionization. The ionization energy loss of an electron does 
not depend much on its energy E if E>mce*, especially 
in condensed materials. We define ¢ as the ionization 
energy loss per radiation length? for an average electron 
(energy ~«). Then, if N(¢) is the number of electrons in the 
shower, ¢ radiation lengths from its origin, we have 


JS N(t)dt = Eo/e. (1) 


Using the theory and notation of Landau and Rumer; 
N has a maximum for t=7/d’(1) = 1.01 log (Eo/e) and we 
have, approximately, 


JS N()dt = Nevaxl2nd"(1)PA'(1)-9=3.3V 2Nimax, (2) 


so that Nmax can be calculated. The result is accurate to 
quantities of the relative order 1/y and could be further 
improved by a closer investigation of the length of the 
shower (cf. 2). The value of Nmax is considerably greater 
than previous theoretical estimates‘ but of the same order 
as that used by Montgomery.® 


1H. J. Bhabha and W. Heitler, Proc. Roy. Soc. 159, 432 (1937). 

2 J. F. Carlson and J. K. Oppenheimer, Phys. Rev. 51, 220 (1937). 
3 L. Landau and G. Rumer, Proc. Roy. Soc. 166, 213 (1938). 

*H. Euler and W. Heisenberg, Ergeb. Exakt. Naturwiss. 17, 1 (1938). 
4 E. Fermi, Phys. Rev. 56, 1242 (1939). 

*C. G. and D. D. Montgomery, Rev. Mod. Phys. 11, 255 (1939). 


42. On Space Closure of Periodic Orbits in the Field 
of a Magnetic Dipole. O. Gopart,* Massachusetts Institute 
of Technology. (Introduced by M. S. Vallarta.)—Periodic 
orbits play an essential role in the qualitative solution of 
dynamical problems. Periodic trajectories of charged par- 
ticles in the field of the earth's magnetic dipole and their 
asymptotic orbits determine the distribution of cosmic 
rays on the earth. Moreover these orbits play an important 
role in the theory of the aurora polaris' and magnetic 
storms.? Some authors have supposed that the latter are 
due to periodic motions in a ring surrounding the earth. 
These periodic trajectories have been computed? for several 
values of the initial conditions. We have been able to ex- 
press all periodic orbits as a function of a parameter 4 
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related to the initial moment of momentum with respect 
to the dipole. For each value of the parameter, the periodic 
orbits are situated on a surface of revolution. For a set of 
measure zero of this parameter, the periodic orbits form a 
simple infinity of closed orbits in space. For the other 
values, the surface of revolution is filled by one orbit only, 
quasi-periodic in space. All the neighboring orbits can be 
expanded as a function of the same parameter. For a given 
value of the energy, all the periodic solutions form a 
toroidal volume around the dipole. A decrease of energy 

produces a dilatation of this ring. The knowledge of this 
ring offers the hope of making some advances in the ring 
theory of magnetic storms and a more exact determination 
of the distribution of cosmic rays on the earth. 

* Fellow of the Belgian American BGeeetons Foundation. 

1C. Stérmer, Zeits. f. Astrophys. 1, 237 (1930). 

20. Godart, Phys. Rev. 55, 875 (1939). 

3C. Stérmer, reference 1; G. Lemaitre, Ann. de me Soc. Sci. de Brux- 
elles $4, 194 (1935); O. Godart, ibid. 57, 27 (1938); A. Banos, H. Uribe 


and J. Lifshitz, Rev. Mod. Phys. 11, 137 (1939). 
‘Forthcoming paper to appear in the Journal of Mathematics and 


Physics. 


43. The Effect of Shielding on the Scattering of Fast 
Electrons by Heavy Elements. J. H. BARTLETT, JR. AND 
T. A. Wetton, University of Illinois —The scattering 
amplitudes, for a central field, on the Dirac theory have 
been expressed by Mott! as series of Legendre polynomials, 
the coefficients of the series being functions of phase shifts 
ni, Where j is the Dirac angular momentum quantum 
number. We have determined these phase shifts for mer- 
cury, using a Hartree field and the Massachusetts Institute 
of Technology differential analyzer, for an energy of 100 kv 
and for values of j up to 7=29. The W.K.B. method has 
also been used, and the results are in very good agreement 
with those from the differential analyzer, but not with 
those calculated on the basis of the Born approximation. 
At j=29, the phase shift is about 22°, and the W.K.B. 
method has been used to find higher phase shifts, which 
fall off exponentially. Preliminary summing of the series 
indicates that the scattering is larger for large angles than 
the Coulomb scattering, and that the polarization is not 
negligible. 


1 Mott, Proc. Roy. Soc. 135, 429 (1932). 


44. Multiple Scattering of Fast Electrons. N. L. OLEson, 
K. T. CHAO AND H. R. Crane, University of Michigan.— 
A more extensive series of measurements of multiple scat- 
tering in the energy interval 3-10 Mev has been made in 
carbon, copper, iron, cadmium and lead, using a cloud 
chamber.! The scattering distribution is found to be nearly 
gaussian as expected. In the table below, the results are 
given in terms of the average Hp@, the angle @ being meas- 
ured in the plane projection. 


SCATTERING WEIGHT PER CM? NUMBER OF 

MATERIAL G TRACKS Hpé 
Cc 0.82 842 2.20 
Cu 0.174 543 1.93 
Fe 0.173 435 1.84 
Cd 0.111 633 201 
Pb 0.071 641 1.73 
Pb 0.157 397 2.68 
Pb 0.362 273 4.03 
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results on carbon contain measurements over three differ- 
ent energies, 6, 8, and 10 Mev, but as the variation of 
Hé with energy was within the experimental uncertainty, 
all the tracks have been put together in the above table. 
An investigation of the scattering by amorphous sub- 
stances is now in progress in order to determine whether 
the crystal size has any effect on the scattering as pre- 
dicted by Wheeler.? 


1N. L. Oleson, K. a Chao, J. Halpern and H. R. Crane, Phys. Rev 
56, 8 one 1171 (1939), 
2 J. A. Wheeler, Phys. Rev. 57, 352 (1940). 


45. Close Electron-Electron Collisions at Energies of 
One or Two Mev. J. S. Brock, University of North Caro- 
lina. (Introduced by A. E. Ruark.)—Relativistic mechanics 
predicts that when a fast electron collides with another 
initially at rest, the angle between the two paths after 
collision is not 90° but decreases as the velocity of the 
incident particle approaches that of light. This has been 
confirmed by Champion' who studied, in the cloud cham- 
ber, the conservation of energy and momentum in colli- 
sions of beta-particles with energy up to 0.9 Mev. I have 
examined 4000 nitrogen photographs obtained by Dr. C. C. 
Jones, extending the range up to 2.5 Mev. This study 
yielded 13 measurable events occurring in the gas. In 
some cases the conservation laws based on the Lorentz 
formulas are closely obeyed; in others they are apparently 
violated, which may be due either to radiation loss (very 
infrequent at these energies according to Miller), or to 
multiple scattering. An equal number of air photographs 
remains to be examined. Analyses of the data will be pre- 
sented using both the Lorentz and Abraham expressions 
for energy and momentum. This type of study differs from 
studies of the interaction of electrons with large-scale 
external fields (Zahn-Spees; Rogers-McReynolds-Rogers), 
for it deals essentially with the interaction of just two 
electrons. 

1 Champion, Proc. Roy. Soc. A136, 630 (1932). 


46. Small Fluctuations in the Space Charged Limited 
Electron Current from a Fine Tungsten Wire. H. W. Berry 
AND R. N. VARNEY, Washington University.—In using the 
balanced space charge method of detecting very feeble 
positive ion currents, a limiting sensitivity of the detector 
is reached when the size of the currents sought equals the 
random fluctuations of the space charge currents as shown 
by a galvanometer in the bridge circuit (about 10-* amp.). 
Hence the cause and elimination of these fluctuations were 
the next step required to increase the sensitivity. Experi- 
ments to date indicate the following results: (1) The vari- 
ous batteries in the circuits are not responsible for the 
fluctuations. The fluctuations are the same whether a 
second space charge cylinder or an ordinary resistance is 
used in the balancing arm of the bridge. (2) The presence 
of small traces of gas, presumably oxygen, causes a large 
amount of the fluctuation. Extreme degassing of the tube 
and the addition of a getter markedly decreased the fluc- 
tuations. (3) The role of gas in the tube seems to be one 
of increasing the work function of the tungsten wire. This 
conclusion is based on the observation that removal of the 
fluctuations is accompanied by an increased total emission. 
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If space charge neutralization by random positive ions 
caused the fluctuations, removal of the ions by improved 
vacua should cause a decrease in the total electron current. 


47. The Mechanism of Electron Space Charge Neutrali- 
zation by Positive Ions. H. Karr anp R. N. VARNEY, 
Washington University —One of the early theories pro- 
posed by Kingdon to explain the powerful neutralizing 
effect of positive ions on an electron space charge was that 
the positive ions spiraled for a long time around the fine 
filament before being drawn in to it. Subsequent investi- 
gations also by Kingdon showed that positive ions might 
also be trapped in a potential trough which was formed 
by the thermal emission of electrons from the filament, 
and that this mechanism could account for the effective 
space charge neutralization. We have established this sec- 
ond explanation rather directly by using an oxide-coated 
cathode of large diameter in place of the customary fila- 
ment so that positive ions could no longer spiral around 
the cathode without hitting it. This device has proved to 
be quite as sensitive to positive ions as the filament type 
of apparatus. Qualitative measurements at present indi- 
cate that at least 50,000 electrons are liberated per positive 
ion formed. Hence the trapping rather than the spiraling 
of the positive ions seems necessarily to be the explanation 
of the effects observed. 


48. Effect of Thermal Environment on Electrical 
Properties of Arcs. C. G. Suits, General Electric Company. 
—tThe steady-state voltage gradient E for an arc confined 
between flat insulating plates increases sharply for de- 
creasing plate separation, when the separation is less than 
the arc diameter determined from photographic data. A 
similar effect is observed when an arc is struck in a granu- 
lar insulating medium, as, for example, quartz sand, where 
E rises to very high values compared to an arc in free 
convection. To observe the effect of the cooling medium 
on the transient arc properties the current is suddenly 
reduced to zero for an adjustable interval, following which 
voltage (1500 volts d.c.) is reapplied to the electrodes. The 
minimum time interval (recovery time) which allows the 
gap to establish insulating strength is observed. For an arc 
between flat plates the recovery time decreases to a mini- 
mum, then increases as plate separation is decreased. The 
recovery time measured for an arc in free convection where 
the heat loss is only to the electrodes and the ambient air 
depends upon the electrode size and separation. As the 
electrode separation is increased, the recovery time goes 
through a sharp minimum, then a maximum, followed by 
a decrease to zero at the maximum electrode separation 
for maintaining the arc. Applying this result to the simplest 
d.c. interrupting device, i.e., separating contacts, a current 
zero can be imposed by shunting a charged condenser 
across the arc at the moment of most favorable separation. 
Compared to the conventional means of suppressing a d.c. 
arc with a condenser permanently shunted across the con- 
tacts, the new method permits a ten times improvernent 
in interrupting ability with the same value of capacitance. 
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49. Influence of a Longitudinal Magnetic Field on g 
Low Pressure Arc. C. S. CUMMINGs AND L. Tonks, Genera) 
Electric Company.—This problem has, apparently, never 
been investigated experimentally, although a theoretical] 
treatment! has been published. A cylindrical mercury are 
tube, of 4.6 cm internal diameter and 62 cm long between 
the open end of the Hull type segmented cathode and the 
graphite anode, and equipped with probes, was placed jin 
a uniform longitudinal magnetic field. All quantitative 
tests were carried out at 4 amp. arc current and 7 bars Hg 
pressure. The presence of a magnetic field of 50 oersteds 
broke the discharge into two distinct portions at a point 
about 30 cm from the cathode. Lowering the vapor pressure 
increased this distance, but changing arc current or field 
strength did not affect it. On the anode side of the transj- 
tion point the arc filled the whole tube, but was more 
concentrated toward the axis than in zero field. Toward 
the cathode the arc did not fill the tube, but retained the 
diameter of the cathode and showed its cell structure. 
Redistribution of current density at the cathode persisted 
into the anode portion of the arc. No evidence of a con- 
strictive effect such as has often been presumed to exist 
was found, but strong transmission effects occur. Probe 
methods failed in the higher fields, so that the measure- 
ments could only give semi-quantitative confirmation of 
the theoretical changes expected in the magnetic field. 


1L. Tonks, Phys. Rev. 56, 360 (1939). 


50. Acceleration and Average Cross Drift of Electrons in 
a Magnetic Field. C. G. Smitu, Raytheon Manufacturing 
Company.—Considerations of momentum lead to expres- 
sions for the average drift of an electron across a magnetic 
field when there is an acceleration normal to the field. The 
well-known drift in the case of uniform electric and mag- 
netic fields is calculated. The method is applied to calcu- 
late the circular component of current in a cylindrical 
plasma in which a radial electrical field exists, the plasma 
being in a uniform longitudinal magnetic field. Application 
of the method is made to evaluate an axial drift of electrons 
in a magnetic field whose lines are circles about a given 
axis, the electron meantime being acted upon by a driving 
e.m.f. giving it an acceleration parallel to the magnetic 
lines. 


51. The Electromotive Force of Saturated Weston 
Standard Cells Containing D,O. LANGHORNE H. Brick- 
WEDDE AND GEORGE W. VINAL, National Bureau of Stand- 
ards. (Introduced by E. C. Crittenden.)—Weston saturated 
standard cells (Hg, Hg2:SO., CdSO,, 8/3 water, satd. 
CdSO, soln., satd. Cd amalgam) have been made with 
water containing up to 98 mole percent D,O. The e.mf. 
was found to decrease with increasing D,O content. The 
temperature coefficient between 17° and 28°C is independ- 
ent of the D,O content. The cells are of the H type and 
of about the same size as the N.B.S. standards of e.mf. 
The hydrated CdSOQ, crystals for each group were prepared 
in contact with the solution used in the cells of that group. 
The electrolytes were 0.03N in H2SO,. 








d on a 
Genera] 
» Never 
Oretical 
ury arc 
etween 
and the 
aced in 
titative 
ars Hg 
ersteds 
a point 
yressure 
or field 
 transi- 
‘S more 
Toward 
ned the 
‘ucture, 
ersisted 
a con- 
to exist 
. Probe 
leasure- 
ition of 
eld. 


trons in 
acturing 
expres- 
lagnetic 
‘Id. The 
id mag- 
9 calcu- 
indrical 
plasma 
lication 
lectrons 
a given 
driving 
lagnetic 


Weston 
BrRICK- 
f Stand- 
turated 
r, satd. 
Je with 
e e.m.f, 
nt. The 
depend- 
ype and 
f e.m.f. 


repared 


t group. 





AMERICAN PHYSICAL SOCIETY 1065 


E.M.F. AT 28°C AE/% D:0 
MoLE NUMBER INTERNATIONAL MICRO- 
% D20 oF CELLS VOLTS VOLTs/% 
0 5 1.017890 _ 
6 3 867 3.8 
50 3 717 3.5 
79 3 588 3.8 
98 3 502 4.0 


The solubility of cadmium sulphate (moles CdSO, per 
mole water) in HXO—D,O mixtures containing from 0 to 
98 mole percent D,O decreases linearly with increase of 
the D,O content. Extrapolating to 100 percent D.O, the 
solubility of CdSO, is 8.4 percent less in D,O than in H,O 
at 24°C. Within experimental error the D,O-solubility 
relation was found to be independent of temperature from 
0° to 52°C. 


52. A Lock-in Amplifier for Alternating-Current Meas- 
urements. WALTER C. MICHELS AND Norma L. Curtis, 
Bryn Mawr College-—A new modification of the bridge 
detector developed by Cosens' has been built with two 
important changes from the original design. The triodes 
are replaced by pentodes with a steady potential on the 
plates and with the locking-in voltage applied to the 
screen, and the rectification is accomplished by the use of 
vacuum thermocouples in the plate circuits. The circuit 
retains the sharp frequency selectivity of the*Cosens de- 
tector but possess¢s two advantages, since a relatively low 
powered oscillator may be used to supply the screen volt- 
age and the operation on the linear portion of the transfer 
characteristic enables an analysis of the circuit to be 
carried out. 

1 Cosens, Proc. Phys. Soc. London 46, 818 (1934). 


53. An Electrical Memory System for Rapid Null 
Measurements. Epwarp P. BENTLEY, Massachusetts Insti- 
tute of Technology.—Rapid electrical comparisons in time 
can be made accurately and automatically with a simple 
and inexpensive null method “memory” circuit that com- 
bines the stability of an a.c. amplifier with the rapid time 
response of a d.c. amplifier. A high-gain resistance-coupled 
amplifier is used, with tubes one-two, three-four, and five- 
six directly coupled. Tubes two-three and four-five are 
condenser-resistance coupled, with the grid resistors re- 
placed by commutators. These close once each cycle while 
an unknown voltage is supplied to the amplifier. Since the 
grids of tubes three and five are grounded, the outputs of 
the previous tubes are impressed across the coupling con- 
densers. When the commutators are opened, the condensers 
hold their charges while a series of comparison voltages is 
observed. When the comparison voltage equals the un- 
known voltage, the grids of tubes three and five are once 
more at ground potential. A trigger circuit fed by the 
output from tube six trips when the grid of tube five 
reaches ground potential, thus indicating the match point. 


54. An Extended Wave-Length Spectrum of Oscillations 
in a Triode with Positive Grid. Ronotp KinG, Harvard 
University —Barkhausen-Kurz oscillations have been in- 
vestigated? using a coupled-circuit model in which a cloud 
of electrons moving periodically through the grid at a 
frequency determined by the potential gradient serves as 
a primary, while the electrodes and the attached circuit 


constitute a secondary. Experimental curves of generated 
wave-length as a secondary (parallel line) is lengthened 
comprise B ranges in which the wave-length is character- 
istic of the secondary, and A ranges in which it is practically 


- constant. Using a 100-watt triode (RK-38) a more com- 


plete wave-length spectrum has been obtained. At low grid 
voltages (25-75 volts) and zero plate voltage conventional 
curves are obtained as the secondary is lengthened. For 
higher grid potentials (75-125 volts) the A ranges dis- 
appear leaving overlapping B ranges. At still higher volt- 
ages (125-175 volts) overlapping A and B ranges following 
two and three branches of the theoretical curves appear. 
Three nonharmonic frequencies are generated simultane- 
ously in a way hardly to be described as an anomaly due 
to asymmetries as suggested by Hollmann for a slight 
overlapping of conventional curves. While justifying the 
use of a characteristic primary frequency in a manner sur- 
passing earlier results, the new curves suggest that a model 
involving three separate clouds of electrons is physically 
unreasonable. This is further indicated by the simultaneous 
observation under certain conditions of two primary fre- 
quencies of which each responds to the secondary as 
described above. 


1 Max Dick, Die Grundschwingung der Raumladeschwingungen im 
elektrischen Bremsfeld (Springer, 1936). 

2R. Wundt, Zeits. f. Hochfrequenztechn., Vol. 36, p. 133. 

3H. E. Hollmann, Physik u. Technik der ultrakurzen Wellen (Springer, 
1936), Vol. 1, p. 127. 


55. Investigation of Dynatron Hysteresis at Low 
Frequencies. Pau. L. CopeELAND AND J. M. Kusert, 
Armour Institute of Technology.—In cathode-ray oscillo- 
graphic studies of plate current vs. plate potential curves 
of electron tubes operated from potential sources varying 
cyclically at frequencies lying within the range of 26 to 
600 cycles per second, J. M. Hollywood! observed hysteresis 
loops in the portions of these curves which were dominated 
by secondary emission. The phenomenon was explained by 
Copeland and Hollywood on the basis of field inhibited 
and field assisted secondary emission of electrons from 
charged layers on the plate surface. The present report 
concerns work with a mechanical contactor (somewhat like 
that of Joubert? by means of which the observations were 
extended to lower frequencies than those covered by 
Hollywood. 


1J. M. Hollywood, Master's Thesis in the Department of Electrical 
Engineering, M. I. T. (1932). 
2 J. Joubert, J. de phys. 9, 297 (1880). 


56. Thermistors, Their Characteristics and Uses. G. L. 
PEARSON, Bell Telephone Laboratories.—Thermistor is a 
contraction of the words “thermal resistor” and designates 
an electrical resistance whose value is markedly dependent 
on its temperature. Thermistors having a large negative 
temperature coefficient of resistance can be made from 
any of a large class of substances known as semi-conductors. 
Those materials which have been found most useful for 
this purpose are metallic oxides. Both directly and in- 
directly heated thermistors have been constructed. The 
former type consists of a semi-conducting body and two 
metal leads while the latter has in addition a heating coil 
which is electrically insulated from the semi-conductor but 
in good thermal contact with it. The electrical and thermal 
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characteristics of the Western Electric 1A directly heated 
thermistor as well as those of an indirectly heated unit are 
presented. An analysis of these characteristics suggests 
several uses for thermistors, some of which are: a sensitive 
temperature or power measuring device, a temperature 
compensating device for electrical circuits, a thermally 
operated rheostat with no moving parts, a voltage regu- 
lator, a low frequency oscillator, a time delay device, and 
any of a large number of measuring devices dependent on 
the flow of thermal energy from a hot body. 


57. On Some Points of the Bose-Einstein Condensation. 
Louis Go.psteIn, New York University, Washington 
Square College. (Introduced by Eugene Feenberg.)—The 
condensation of ideal Bose-Einstein, B-E, gases is restricted 
to systems whose phase space has cells of dimensions A’, 
h being Planck's constant. A linear chain of atoms or a 
two-dimensional B-E fluid does not show any quantum 
condensation effect. External conservative fields of force 
influence in different ways the condensation temperature 
To. If the field destroys the uniform distribution of the 
gas in coordinate space then 7» changes, following the 
characteristic properties of the field’s potential brought 
into connection with the linear dimensions of the vessel 
containing the gas. If the field is uniform and changes the 
potential or internal energy of each atom by the same 
amount, 7» remains independent of the field; e.g., an ideal 
diamagnetic (dielectric) B-E gas placed in uniform mag- 
netic (electric) fields. When the uniform field changes the 
internal energy of the atoms by different amounts (split- 
ting of the fundamental energy level, the excited states of 
the atom being left out of account) JT» cannot but increase 
and tend asymptotically, for saturating fields, toward 
$*/8T, s being the number of levels into which the ground 
state is split by the field; e.g., an ideal paramagnetic B-E 
gas in uniform magnetic fields. 


58. On the Charge Distribution of Elementary Particles. 
V. F. Weissxopr, University of Rochester—As shown by 
the author! the following function can be calculated by 
means of the quantum theory of elementary particles: 


G(x) = So(r—x/2)e(r+x/2)dr. 


Here p(x) is the charge density at the point r. G(x), for a 
single particle, represents the charge distribution in the 
particle itself. For particles with half-integral spin G(x) is 
~1/x* for x<h/mc, whereas for a particle with spin zero 
or one (meson) G(x)~1/x* for x<h/mc. The latter G(x) 
does not lead to a finite value for the integral /“G(x)dx. 
This seems to be a serious objection to the use of the 
present formalism of the quantum theory of particles for 
integral spin. It is essential that the theory of a free par- 
ticle alone is used in this calculation, so that the result is 
independent of the form of the interaction energy with the 
electromagnetic or with other fields. This strong singu- 
larity of G(x) is produced by correlations between the 
charge density fluctuations of the particle and of the 
vacuum, and is connected with the fact that the particles 
obey Bose statistics. 

1V. F. Weisskopf, Phys. Rev. 56, 72 (1939). 
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59. Effect of Nuclear Motion on the Energy of the 
Ground State of H,*. Vivian JoHnson, Purdue University, 
—In calculations of the energy levels of H2* (the two. 
center problem), the internuclear distance R is generally 
considered to be constant. This introduces some error be. 
cause the nuclei are in motion about the center of gravity 
of the system, and thus the value of R fluctuates about a 
mean value. Van Vleck! has developed a method for calcu- 
lating the energy correction due to this cause. In order to 
apply this method, it is necessary to find the wave func. 
tions expressed explicitly in terms of R. The Schrédinger 
equation for the two-center problem is separable in ellip. 
tical coordinates, &, », and y, and the ground state wave 
function is given by (1/¥2%)X(£) ¥(n). Y(») is found ex. 
plicitly by following the methods of Hylleraas* and Sande- 
man;? and X(£) is evaluated by use of the methods of 
Jaffet and Chakravarty.® This explicit ground state wave 
function is then used in obtaining an estimate of the energy 
correction described above. 


$ H. Van Vleck, J. Chem. Phys. 4, 327 (1936). 

2 E. A. Hylleraas, Zeits. f. Physik 71, 739 (1931). 

31. Sandeman, Proc. Roy. Soc. Edinburgh 55, 72 (1935). 
4 Geo. Jaffe, Zeits. f. Physik 87, 535 (1934). 

5S. K. Chakravarty, Phil. Mag. 28, 423 (1939). 


60. Van der Waals Energies. J. BARDEEN, University of 
Minnesota.—An approximate value for the van der Waals 
energy between two systems A and B is obtained by 
calculating the energy of system B in the field of system A, 
supposing that the electrons of system A are in fixed posi- 
tions. The result is then averaged over the coordinates of 
the electrons of A. Let the van der Waals energy so derived 
be called Was. Systems A and B may be reversed in the 
above calculation and an energy Wz found. The true van 
der Waals energy is given roughly by W4Wa/(Wa+ Ws). 
The method is applied to the calculation of the van der 
Waals energy between a harmonic oscillator and a metallic 
surface.' If system A is the oscillator, the energy W4 is that 
found by the image method.? The calculation of the energy 
Ws is more difficult and leads to an integral involving the 
probability density for pairs of electrons in the metal. 
When evaluated for a free electron model which should be 
approximately valid for the monovalent metals, it is found 
that Ws differs from Wa by a factor ~1.3e?/r,hv, where 
r, is the radius of a sphere whose volume is equal to the 
volume occupied per electron and » is the frequency of the 
oscillator. If this factor is large, the van der Waals energy 
will be given approximately by the image value, Wa, while 
if it is small, the energy will be closer to Wa. 


1 Pollard and Margenau, Bull. Am. Phys. Soc. 15, No. 1, p. 9 (1940). 
2 Lennard-Jones, Trans. Faraday Soc. 28, 334 (1932). Due to an 
error, the ue given here is too large by a factor of two. 


61. Van der Waals Interaction of Metals and Molecules. 
E, J. R. Prosen, R. G. Sacus AnD E. TELLer, The George 
Washington University.—Lennard-Jones' has assumed that 
the van der Waals interaction of a molecule with a metal 
surface can be obtained by averaging the potential of the 
image force over the unperturbed proper function of the 
molecule. This gives an r~* dependence of the interaction 
on the distance of the molecule from the surface. Straight- 
forward application of second order perturbation theory 
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leads, on the other hand, to an r~ dependence if a free 
electron gas is assumed in the metal, and to r~ for a de- 
generate Fermi gas. Lennard-Jones’ treatment assumes a 
parametric dependence of the metal proper function on the 
position of the electrons in the molecule and neglects 
differentiation with regard to the parameter. The second~ 
order perturbation method disregards the interaction of 
metal electrons. With the help of the variation principle, 
it can be shown that Lennard-Jones’ procedure is justified 
for great distances r. and high electron densities in the 
metal, while second-order perturbation theory gives correct 
results only for small distances and low electron densities. 
Lennard-Jones’ formula also gives an upper limit for the 
long distance interaction of a molecule with any solid 
surface. 


1 Lennard-Jones, Trans. Faraday Soc. 28, 334 (1932). 


62. Self-Diffusion in Polycrystalline Zinc. P. H. MiLLer, 
Jr., University of Pennsylvania, AnD Harry Day, General 
Electric Company.—Six polycrystalline samples of zinc 
were prepared so that there was no reorientation or growth 
of the individual crystals when they were heat treated at 
383.5°C for 5 hours to permit appreciable diffusion to take 
place. A thin layer of radioactive Zn® (half-life 8 months) 
was electroplated en one accurately plane end of the crystal 
sample which was a cylinder. After heat treating the crys- 
tal was cut into two-mil sections and the activity of each 
section measured. The activity of the sections lay on the 
curve corresponding to Fick’s law with the exception of 
the first, and the deviation of this first point permits the 
calculation of the percent of surface atoms not diffusing. 
The diffusion coefficients, D, are: 


% ATOMS NOT 


CRYSTAL D DIFFUSING 
I 4.18 +.13 XK 10~* cm? deg™ 47.7% 
Il 4.79+.21 5.3 
Ill 5.49 +.13 4.5 
IV 6.14+.18 2.7 
Vv 5.65 +.05] 6.2 
VI 5.73+.11 3.9 


The probable error is the least square error in the slope 
(1/4Dt) of the straight line in the log. c vs. x* plot. The 
difference in the values of D arises from the random orien- 
tation of the small crystals, and on the assumption that 
there are 15 crystals on the end of each cylindrical sample 
the difference in diffusion constant along the a and ¢ axes 
is calculated to be about 30 percent. This means only a 
very small difference in the activation energy. 


63. The Measurement of Self- Diffusion in Metallic Zinc. 
FLoyp R. BANKs,* Morgan State College, AnD HARRY Day, 
General Electric Company.—The coefficient of self-diffusion 
in single crystals of metallic zinc has been measured at 
four temperatures near the melting point. A thin deposit 
of radioactive Zn* (half-life eight months), obtained from 
Cu® by proton bombardment, is electrolytically deposited 
on a flat, polished, and etched surface of a single crystal of 
ordinary inactive Zn. The sample is then held at an ele- 
vated temperature for a fixed time to allow the Zn® to 
diffuse into the crystal. After diffusion the impregnated 
crystal is cut into sections on a lathe. The sections are cut 
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parallel to the original face of the crystal and are approxi- 
mately two-thousandths of an inch thick. The thickness of 
each section is accurately determined by weighing the 
section and computing the thickness from the known den- 
sity of Zn, and the measured diameter of the face from 
which the sections are cut. The activity of each section 
taken from the sample is measured by means of a Geiger 
counter. From the: measured activity and thickness the 
concentration of each section is calculated and the diffusion 
coefficient D obtained. The following values for the diffu- 
sion coefficient parallel to the hexagonal axis have been 
obtained: 

D =9.84 X10~* cm?/day at T =410.4°C 

D =7.44 X10~4 cm*/day at T =400°C 

D =4.39 X10~* cm?/day at T =374.4°C 

D =3.84 X10~* cm*/day at T =364.7°C 
The value for the activation energy Q for the diffusion 
process (obtained from the plot of D against 1/7°A) is 17,- 
600 cal./mol. 


*The work reported here was carried out at the University of 
Pennsylvania. 


64. Changes of State of Monolayers on Water. Epwarp 
Boyp AND WILLIAM D. Harkins, University of Chicago.— 
If a gaseous film of pentadecylic acid on water is com- 
pressed at a temperature between 18° and 40° (or some- 
what higher) it passes through the following phases: 
I, gas, G, which condenses by a change of the first order 
to II, liquid expanded, Zi, whose x, ¢@ relation is almost 
an equilateral hyperbola. This changes by what appears 
to be an anomalous or diffuse first order change to III, 
intermediate phase, I, in the (a) transition region, T, 
which has an extremely large compressibility. This changes, 
without any perceptible kink into IIIb, liquid condensed 
film, L2, with a linear x, o relation and low compressibility. 
On further increase of pressure this liquid film freezes by 
a change of the second order to IV, solid, with very low 
compressibility. In the ZL. region the viscosity (») of the 
film follows the relation: Log »=log n0+x. An extensive 
study in this laboratory of the areas at which changes of 
state occur is not in accord with the ideas of Dervichian' 
and of Rideal. For example the maximum area covered by 
IL, does not correspond to spherical molecules in contact 
and the areas at which changes occur in condensed states 
do not correspond exactly to areas in the three dimensional 
solid as determined by molecular tilt. r=film pressure, 
o =area, and o», = molar area. 

1 Dervichian, J. Chem. Phys. 7, 931 (1939). 


65. Energy and Entropy of Extension and Spreading of 
Monolayers. Witt1AM D. Harkins, T. FRASER YOUNG, 
AND Epwarp Boyp, University of Chicago.—The thermo- 
dynamic relations concerning the expansion or contraction 
of monolayers have been unknown, but may be obtained 
from: 


O(x/T) 
h=(dH/de)7= -| a/T) | (1) 
s=(0S/dc)7=(dx/dT )¢, (2) 


AHn= J,,."(aH/20)rdom, (3) 
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q=Ts=h+r, (4) 
On=T.f-""(0S/00)rdon=AH nt J "'rde. (8) 


H=enthalpy: S=entropy: g=heat absorbed: small letters 
indicate values for unit area, and subscript m, values per 
mole. The following processes are considered, with numeri- 
cal illustrations in erg cm~: A, extension of surface of pure 
water, h=116; B, extension of film, 4 (pentadecylic acid) 
is 367 for the transition film and 161 for the expanded 
liquid film; and C=B—A, spreading, h=250 for the 
transition film and 45 for the expanded film, at 22 and 18°C, 
respectively, and o=38A? per molecule. In spreading the 
film spreads over a clean water surface, in extension the 
area of the water does not change. Allow a film to spread 
from solid to gas. The numerical values give AH,, for 
pentadecylic acid at 18° from lowest to highest area for the 
phase: solid, AH,,=small; phase change solid-liquid, 
AH,, =0, therefore fusion is a second order change; liquid 
condensed, AH, small; transition film, AH, =8000 
(Qm=AHm+73) cal. mole, and expanded liquid, AH 
small, AH», vaporization, several thousand calories. At 
higher temperatures AH,, decreases for the transition film, 
but inereases for the expanded liquid. 


66. Specific Heats of Nickel-Copper and Nickel-Iron 
Alloys from 1.1 to 20.4°K. W. H. KreEesom, Kamerlingh 
Onnes Laboratorium, Leiden, AND B. KURRELMEYER, 
Brooklyn College.—The specific heats of four nickel-copper 
and three nickel-iron alloys have been measured in the 
temperature ranges obtainable with liquid helium and with 
liquid and solid hydrogen. Over most of this range the 
results for each alloy can be expressed in the form C, 
=7T+56T*. The constants y and 6 and the Debye tempera- 
tures © derived from 6 are tabulated in Table I for the 
alloys, and the values given in the literature for Cu, Ni, Co, 


TABLE I. 








ATOMIC 





PERCENTAGE Y b e 
METAL NICKEL cal./mole deg.? cal./moledeg.4 °K 
Cu-—Ni 81.61 1.58 X 10-3 8.11 x 10-* 386 
Cu —-Ni 61.97 1.52 9.74 363 
Cu—Ni 42.07 1.66 8.23 384 
Cu —Ni 21.58 0.457 12.28 335 
Fe —Ni 84.47 1.16 6.80 409 
Fe —Ni 79.65 1.08 6.88 407 
Fe —Ni 47.50 1.21 10.16 358 
Nickel _ 1.74 6.60 413 
Copper — 0.178 12.90 330 
Iron ae 1.20 4.70 462 
Cobalt —_ 1.20 5.36 443 








.and Fe are also included. The results are discussed in con- 
nection with the electronic energy band calculations of 
Slater for nickel. 


67. Thermal Conductivity of Metals. C. C. BIDWELL, 
Lehigh University—As indicated in a previous paper ele- 
mentary classical considerations suggested a relation be- 
tween thermal conductivity k, atomic heat C, density p, and 
absolute temperature T of the form k/Cp=K/T+ Xo. The 
first term on the right appeared to contain the velocity of 
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the elastic waves in the crystal lattice and therefore jn. 
volved the temperature. Ko applied to atomic collisions and 
did not involve temperature. The considerations suggested 
that the intercept was the value of k/Cp for the molten 
condition. Whether the theoretical considerations stand 
or not, data on lead, tin and zinc show that the equation 
holds for these metals and that the intercept predicts the 
value of k/Cp for the molten state. New data on lead are 
presented and a modification of the experimental method 
described. 


68. pH Determinations on Sludge of Particulate Car- 
bonaceous Materials and Ash Discharged in the Atmos. 
phere by Fuel Burning Sources. S. BLOOMENTHAL, Univer- 
sity of Chicago, AND 1. Deutcu, Chicago Department of 
Smoke Inspection and Abatement.—General recognition of 
the injurious effects of atmospheric pollution led to the 
present large scale study of its source. Slides of dust pre- 
cipitated from flue gases of many types of industrial fuel 
burning plants in Chicago during a quantitative determi- 
nation of dust loading will be projected and discussed. It is 
suggested for the first time that pH measurements on 
sludge of dust and ash may aid in “fingerprinting” the 
source. The following determinations were made with a 
vacuum tube potentiometer amplifier using a glass elec- 
trode and correlations obtained: 


1. pH of the sludge of precipitated dust and its ash. 
2. pH of the sludge of dust and ash from dust collectors. 
3. pH of the sludge of ash of the coal used in the test. 
4. pH of the sludge of settled dust and its ash, collected by a 
complainant. 
Ash sludge from Pocahontas coal gives a pH of 9.4 in 
contrast with a value of pH equal to 11.6 obtained for ash 


sludge from Franklin County, Illinois coal. 


69. Square Wave Analysis of Linear Pulse Amplifiers. 
R. D. Huntoon, New York University.—The frequency 
analysis of a linear amplifier made by E. A. Johnson and 
A. G. Johnson! shows that it is of advantage to use a 
relatively narrow band amplifier in counting pulses. The 
argument is based, however, upon an ideal amplifier with 
zero phase distortion and a sharp frequency cut-off at each 
end of the band, conditions not realized in the usual ampli- 
fier. The very simple nature of the pulse impressed upon the 
grid of the input tube lends itself nicely to analysis by the 
square wave method.** This method uses the response of 
the actual amplifier to a square wave as the basis for calcu- 
lation. The results of such an analysis agree qualitatively 
with the results of the frequency method using an ideal 
amplifier. The square wave method has an additional 
advantage. Curves which are easily obtained from a 
cathode-ray oscilloscope can be quickly analyzed by a 
simple graphical treatment to indicate the proper selection 
of circuit parameters and ion collection time to operate the 
amplifier at maximum efficiency with a given chamber. 
A simple square wave generator will be described and the 
method of interpretation of the curves outlined. 

1 E. A. Johnson and A. G. Johnson, Phys. Rev. 50, 170 (1936). 


2 Gilbert Swift, Communications, 19 (1939). 
3A. V. Bedford and G. L. Fredendahle, Proc. I.R.E. 25 (1939). 
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70. Use of Interval Selection in Measuring Short Decay 
Constants. ARTHUR RoBERTs, Massachusetts Institute of 
Technology.—The use of interval selection methods for the 
measurement of short (10-7—1 sec.) daughter half-periods 
has been analyzed. Two types of interval selection have 
been compared. The single distribution interval selector’? 
is best suited for cases in which parent and daughter 
radiations are indistinguishable (a—a, 8-8, y—y sequences), 
the coincidence interval selector? when parent and 
daughter radiations are distinguishable (a-8, a-y, B-a, 
B-y, v-@, y-8 sequences). The latter possesses the ad- 
vantages of (1) extension to shorter half-periods than the 
single distribution interval selector, (2) ability to determine 
the sequence of emission of radiations. It cannot be used 
for the analysis of single pulse distributions. Equations, 
containing only observable quantities, for the determina- 
tion of half-periods by the use of both types of interval 
selector have been developed which replace previous 
approximate,* incorrect,* or more cumbersome’ equations. 
The relative sensitivity’ of the two methods has been 
determined. 


1 Roberts, Bull. Am. Phys. Soc. 15, No. 1, 16 (1940). 

2 Driscoll, Hodge and Ruark, Rev. Sci. Inst. in publication. 

3 Dunworth, Nature 144, 152 (1939). 

‘ Rotblat, Nature 144, 248 (1939). 

’ Montgomery, Ramsey, Cowie, and Montgomery, Phys. Rev. 56, 


640 (1939). 
* Ruark, Phys. Rev. 56, 1165 (1939). 
7 Devol and Ruark, Phys. Rev. 51, 710 (1937). 
8’ Evans and Mugele, Rev. Sci. Inst. 7, 441 (1936). 


71. A Hard Vacuum Tube Pulse Equalizing, Sharpening 
Circuit. L. J. STROHMEYER AND R. D. Huntoon, New York 
University.—A single stage hard vacuum tube scale-of-two 
circuits? has been modified so as to produce sharp pulses 
whose amplitude and width are independent of the wave 
form of the input signal. Input pulses having a width of 
100 sec. to 10~* sec. work equally well and a change in bias 
permits operation with either positive or negative input 
pulses. Since the input pulses are essentially the same as 
the interstage pulses in a conventional scaling circuit, this 
circuit may be used as an input sharpener-equalizer for 
Lifschutz-Lawson or Reich counting circuits. The tripping 
level may be chosen at will and when once set it will remain 
constant over an extended period of operation, making the 
sharpener useful as a pulse discriminator. 


1H. Lifschutz and J. L. Lawson, Rev. Sci. Inst. 9, 83 (1938). 
2H. J. Reich, Rev. Sci. Inst. 9, 222 (1938). 


72. Starting Potentials of Geiger-Miiller Counters in 
Oxygen-Nitrogen Mixtures. Ropert D. HEIDENREICH, 
Case School of Applied Science. (Introduced by R. S. Shank- 
land.)—The starting potentials of two Geiger-Miiller 
counters with cathodes of copper and chromium, respec- 
tively, have been observed using a Johnson! control circuit 
with a scale-of-16 dividing circuit and a Cenco recorder. 
The starting potentials are shown to increase linearly with 
the gas pressure in the mixtures employed over the pressure 
range of 160 to 40 mm of Hg. C. L. Haines* has found that 
there is in general a deviation from linearity at lower 
pressures for the gases he studied. The data indicate that 
the starting characteristics are practically independent of 
the cathode materials employed and that there are ap- 
parently two main effects of oxygen upon the behavior. 
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First, a surface effect at the central wire anode and, second, 
a volume effect. At small concentrations of oxygen the two 
effects are quite distinct, but at higher concentrations the 
volume effect predominates. There is evidence that the 
surface conditions at the central wire are important in 
determining the characteristics of air filled counters. 


1T. L. Johnson, Rev. Sci. Inst. 9, 218 (1938). 
?C. L. Haines, Rev. Sci. Inst. 7, 411 (1936). 


73. Threshold Potentials for Discharge Counters. 
ARTHUR F. Kip AND SANBORN C. Brown, Massachusetts 
Institute of Technology.—The Werner equation for threshold 
voltage of GM counters was found to fail for the coaxial 
cylinder counters studied by Brown and Evans.' Although 
Werner's general statement of the threshold criteria, which | 
is in essence that of Townsend, is correct, the approxima- 
tions as used in his equation are shown to amount to em- 
pirical fitting of the data for GM counters, and since they 
lack generality are not to be expected to apply to other 
geometries. Calculations based on the minimum size of the 
initial electron avalanche necessary for onset of the corona 
process indicate that the initiatory avalanches of both GM 
and coaxial cylinder counters are of the same order of 
magnitude. The calculations agree with previously pub- 
lished results of point-to-plane discharge studies.* The 
point of view established shows the essential similarity of 
the initiatory process in all counters having non-uniform 
fields. 


1S. C. Brown and R. D. Evans, Phys. Rev. 53, 914(A) (1938). 
?L. B. Loeb and A. F. Kip, J. App. Phys. 10, 142 (1939). 


74. The Starting Mechanism of Discharge Counters. 
SANBORN C. BROWN AND ARTHUR F. Kip, Massachusetts 
Institute of Technology.—The operation of GM counters is 
empirically predicted by the Werner equation, but it fails 
to predict the observed behavior of coaxial cylinder 
counters at low pressure.' A hypothesis is advanced, based 
on the pressure dependence of the photoelectron yield at 
the cathode, which predicts the behavior of both kinds of 
counters. The conditions under which GM and coaxial 
cylinder counters operate lead to similar values for m and 
y at threshold, where n is the number of secondary photo- 
electrons produced at the cathode surface per electron in 
the avalanche. It can be shown from the work of Posin*® 
that y increases as the pressure decreases, for constant n. 
The restriction to pressures below 1 cm on coaxial cylinder 
counters is thus a necessary condition for a sufficient 
production of photoelectrons at the cathode by the initiat- 
ing avalanche. Such low pressures are not necessary in a 
GM counter because of the larger number of photons pro- 
duced in the first avalanche, due to the exceedingly high 
fields near the center wire. Experimental studies on the 
consequences of varying the photoelectric efficiency of the 
cathode surface are in agreement with predictions based on 
this point of view. 


1 See preceding abstract. 
D. Q. Posin, Phys. Rev. 50, 650 (1936). 


75. A Technique for Counting High Energy Protons in 
the Presence of Fast Neutrons. J. A. VAN ALLEN* AND 
N. F. Ramsey, JRr.,* Department of Terrestrial Magnetism, 
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Carnegie Institution of Washington.—For the purpose of 
observing the angular distribution of protons ejected from 
a thin paraffin film by 13 Mev neutrons from the Li (d,n) 
reaction, we have developed a set of three proportional 
counters in triple coincidence. Following a suggestion of 
Bonner and Breit the counters are separated by a foil of 
approximately one cm stopping power sufficient to prevent 
neutron recoils which originate in the walls or gas of one 
counter from reaching another. The technique has been 
successfully used in obtaining the energy distribution of 
protons recoiling in the forward direction from lithium 
neutrons, The necessary geometric and intensity improve- 
ments are now being made in order to resolve the two high 
energy groups of recoil protons at angles of 30° to 45° and 
hence to make possible the angular distribution measure- 
ments. Preliminary indications are that this will be feasible. 


* Carnegie Institution Fellow. 


76. A Large Cloud Chamber. C. C. Jones, D. A. 
McGraw, T. E. ParpuE, ARTHUR RUARK AND KATHERINE 
Way, University of North Carolina.—A transmission type 
cloud chamber is described with a field of view approxi- 
mately 6 feet by 1 foot and a depth of 10 inches parallel 
to the viewing direction. 


77. A Cyclotron Ion Source with Retractable Filament. 
B. R. Curtis, Harvard University.—One of the chief objec- 
tions to the use of ion sources in the cyclotron has been 
the short lifetime of the filaments. This difficulty has been 
surmounted by making it possible to change filaments 
without losing the vacuum, thus saving the loss of time 
entailed in obtaining a vacuum and in outgassing the 
vacuum system. This has been accomplished by an im- 
proved ion source design. During change of filaments the 
vacuum is maintained by means of a commercial gate 
valve. The stem of the valve is made vacuum-tight by a 
pressure grease joint, the faces of the gate not being altered. 
The filament is mounted at the end of a copper tube which 
can be inserted through the valve into a larger tube that 
supports the capillary. The faces of the valve do not leak 
sufficiently to be recorded on an ionization gauge. Pre- 
liminary adjustments of the ion source, with all other 
conditions the same and without feelers on the dees, have 
increased the beam current from a maximum of 22 micro- 
amperes of deuterons with 11 Mev energy, using the or- 
dinary filament, to 35 microamperes using the ion source. 


78. Automatic Tuning for the Cyclotron. E. M. PurcgELL, 
Harvard University —The Harvard cyclotron has been 
equipped with a device which automatically maintains 
maximum beam current. A six-toothed aluminum vane 
spins at 3450 r.p.m. above the dee line, slightly modulating 
the frequency of this resonant line at 345 c.p.s. On the same 
shaft, outside the line enclosure, notched iron vanes rotat- 
ing in slots milled in the core of a small transformer gen- 
erate 40 volts at 345 cycles synchronous with the frequency 
modulation. When operating slightly off resonance a small 
345-cycle component appears in the beam current, of 
amplitude proportional to the slope of the resonance peak 
at the instantaneous operating point. By using the syn- 
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chronous voltage from the small “alternator,” a simple 
two-tube circuit detects the phase and amplitude of the 
beam current modulation, and feeds into the vacuum-tube 
magnet voltage stabilizer a voltage of the proper sign to 
cause the necessary field correction. The tuner “takes hold” 
when the beam appears, quickly finds the maximum, and 
keeps the current very close to the maximum without 
further attention. With 15 microamperes beam current the 
beam is maintained despite an arbitrary adjustment which 
would ordinarily change the field/frequency ratio by one 
percent. The method makes current stabilization un- 
necessary. 


79.. The Production of Proton Beams. E. S. LAMAR anp 
W. W. Buecuner, Massachusetts Institute of Technology,.— 
Additional work has been done on proton sources of the 
general types previously described.'? It is found that with 
the metal capillaries the total output current and the 
proton percentage are very erratic in their behavior, due 
presumably to changes in surface conditions on the walls 
surrounding the discharge. The average proton yield from 
these sources is about ten percent. Coating the surfaces 
with phosphorous pentoxide to reduce the recombination 
of atomic hydrogen on the walls increases the yield to about 
fifty percent. Pyrex sources on the other hand are extremely 
consistent in their behavior, the total ‘‘focusable” currents 
obtainable for a given geometry and a given arc current 
exceeding the averages for the metal capillaries by a factor 
of about three, and the proton percentages without water 
vapor being about fifty percent. With a 1.00 ampere arc 
operating in a 3.0-mm diameter Pyrex capillary, the 
“focusable” current obtainable from a 1.0-mm diameter 
outlet is 2.34 ma. The distinction between total and focus- 
able current and the fraction of the total gas that is ionized 
will be discussed. A simple arrangement will be described 
by which the neutral gas entering the experimental tube 
may be reduced to ten percent of the gas represented by 
the ion beam itself. 


1 Lamar, Samson and Compton, Phys. Rev. 48, 886 (1935). 
? Lamar, Buechner and Compton, Phys. Rev. 51, 936 (1937). 


80. The Focusing of Proton Beams. W. W. BUECHNER 
AND E, S. LaMar, Massachusetts Institute of Technology.— 
Considerable work has been done with the lens system 
formed by a simple cone and cylinders previously described.! 
Making use of the fact that traces of gas in the high vacuum 
region render the beam luminous, these beams have been 
studied photographically as a function of the various 
electrode potentials and of the arc variables. These same 
beams have been studied by electrical scanning, by using a 
collector with an inlet orifice 1.0 mm in diameter. The 
electrical method gives, in addition to the beam diameter, 
the distribution of current within the beam. The results of 
these two types of investigations will be presented as 
functions of electrode potentials and arc variables. The 
lens system investigated is free from spherical aberration 
so long as the total beam current is equal to or less than the 
“focusable” currents mentioned in the preceding abstract. 
With a total voltage of 21,000 volts, a parallel beam of 
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hydrogen ions having a current of 1.0 ma has been focused 
into the high vacuum region through a tube }” in diameter 
and 1 inch long located 3} inches from the source outlet. 
This simple lens system is particularly adaptable to proton 
sources of the low voltage capillary type. 


1 Lamar, Samson and Compton, Phys. Rev. 48, 886 (1935). 


81. Recombination of Ions from Gas Flames. G. R. 
Wait AND O. W. Torreson, Department of Terrestrial Mag- 
netism, Carnegie Institution of Washington.—The recom- 
bination coefficient of ions from a flame of illuminating gas 
was determined by Kennedy! who found a value of 6.4 
x 10-*. Hogg* estimated a value about 27 times this for 
large (Langevin) ions of the atmosphere. Owing to the 
considerable difference in these values, the coefficient of ions 
from a gas flame was redetermined. Ions from a flame were 
allowed to accumulate to high concentrations in a closed 
room after which the rate of diminution was measured. The 
diminution was found to follow the law: —dN/dt=ayN* 
where N represents the number of ions per unit volume. 
The value of ay, the recombination coefficient, was found 
to diminish with time of burning of the gas. Extrapolated 
back to zero time and forward to 90 minutes after lighting 


the gas, the values were 1.5X10~* and 6.4X10-", re-. 


spectively. The average number of unit charges per ion 
reported by Kennedy was 4.5 while in the present investi- 
gation it was found to be unity. For equilibrium conditions, 
the ratio of uncharged to charged particles of one sign, 
originating in the burning gas, was about five. The number 
of negative ions exceeded the number of positive by about 
15 percent. 


1 Proc. R. Irish Acad. A33, 58-74 (1916). 
? Beit. Geophysik 41, 32-55 (1934). 


82. Negative Ion Formation in Iodine Vapor by Electron 
Impacts. RotF BucHDaAnL, Johns Hopkins University.— 
With an apparatus similar to the one used by Lozier,' the 
negative ion formation in I; vapor was investigated as a 
function of the electron velocity (0-7 ev). The following 
reaction is responsible for negative ion formation at these 
velocities? I,+e—I-+I. Measurements of the kinetic 
energy of the ions for different electron energies show that 
all the ions are formed by the same reaction. The variation 
of the yield as a function of the velocity of the electrons 
can be understood with the help of a potential-curve dia- 
gram, by considering transitions from the ground state of 
the I, molecule to the ground state of the I,;~ molecule. 
The probability that an electron colliding with an I, 
molecule forms a negative ion varies between 10~¢ and 107%. 
With the aid of an energy cycle one can calculate the elec- 
tron affinity of the iodine atom, if one knows the dissocia- 
tion energy of the neutral molecule, the kinetic energy 
of the incoming electron and the kinetic energy of the 
ions. The value of the electron affinity obtained by this 
method is 3.2+.2 ev which is in agreement with other 
determinations.* * 


1 Lozier, Phys. Rev. 46, 268 (1934). 

? Hogness and Harkness, Phys. Rev. 32, 784 (1928). 
Sutton and Mayer, J. Chem. Phys. 3, 20 (1935). 
*Glockler and Calvin, J. Chem. Phys. 3, 771 (1935). 
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83. Recombination and Electron Attachment in the F, 
Layer of the Ionosphere. Frep L. Mounier, National 
Bureau of Standards.—The conventional theory of the 
ionosphere is that electrons are produced by photo-ioniza- 
tion and disappear by pure recombination. Observations 
indicate, however, that electrons in the F; layer disappear 
also by negative ion formation so that the apparent re- 
combination coefficient, a’, decreases with the pressure. 
This would raise the F; level above the level where produc- 
tion of electrons is a maximum. Apparently F; is roughly 
100 Km above this level in midsummer but much lower in 
the winter. If the ratio of negative ions to electrons, X, is 
small F, will be at a pressure p such that p/po=a/a’ 
where fo is the pressure at which production of electrons is 
a maximum and a is the electronic recombination coeffi- 
cient. In midsummer p/po= 1/20 and a=2X10-". A value 
of this magnitude has been predicted by theory. A seasonal 
variation of p/po can be ascribed to a variation in X for it 
is very sensitive to temperature. It is probable that po» 
is at the F; level and that both F levels arise from atomic 
oxygen ionization as has been suggested by Bradbury.' 


1 Bradbury, Terr. Mag. and Atmos. Elec. 43, 55 (1938). 


84. Electron Impact Study of O, with a Mass Spec- 
trometer. Jonn T. Tate AnD Homer D. HacGstrum, 
University of Minnesota.—An investigation of the O* ion 
products from the dissociation process O;-+O +-0* indicates 
strongly that the potential energy curve of the molecular 
ion to which transition takes place on electron impact 
possesses a maximum which lies 0.6 volt above the po- 
tential energy of the dissociation products. This conclusion 
is suggested by a study of the ion peak shape which indi- 
cates that the probability of formation of the ions of mini- 
mum kinetic energy (0.3 volt) is relatively large. Such 
could not be the case if the nature of the distribution in 
kinetic energy of the products were determined solely by 
the position of the potential energy curve relative to the 
Franck-Condon region. The existence of a potential energy 
curve which has a relatively high maximum (1.3 volts 
above the asymptote) has recently been suggested by 
Herzberg and Mundie to explain certain predissociation 
data on NO.' A study of the process O--O*+O- again 
leads to the conclusion, drawn for similar processes in NO 
and CO,?* that the O~ ion formed in electron impact 
processes may exist in an excited state which, in contra- 
distinction to the normal state, is characterized by very 
weak binding of the additional electron. It will also be 
shown how the realization of the meaning of the ion peak 
shape has made it possible definitely to ascribe the second 
break in the ionization efficiency curve for ions of m/e 
value 16 to the onset of the ionization process yielding 
O,**. 


1G. Herzberg and L. Mundie, J. Chem. Phys. 8, 263 (1940). 
2H. D. Hagstrum and J. T. Tate, Phys. Rev. 55, 1136(A) (1939). 
7H. D. Hagstrum and J. T. Tate, Phys. Rev. 57, 561A (1940). 


_ 85. On the Thermal Activation of the Oxygen Molecule. 
Homer D. HaGstruM AND Joun T. Tate, University of 
Minnesota.—In the course of the study of the oxygen 
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molecule reported in the previous abstract it was found 
that the relative abundance of impurities containing oxy- 
gen depended upon the temperature of the filament. The 
effect was studied more carefully by investigating the 
dependence of the relative partial pressures of O, and the 
impurities CO, CO2, and H,O, determined with the spec- 
trometer, upon the temperature of an auxiliary platinum 
filament placed in a bulb connected directly to the vacuum 
system of the mass spectrometer. The bulb and the entire 
vacuum system including filaments were baked out thor- 
oughly (partial pressure of any impurity less than 3 10~7 
mm of mercury). The pressure of O2 was adjusted to about 
10~* mm. At a filament temperature of 1280°K the partial 
pressure of O, began to fall and at 1740°K it had dropped 
to 46 percent of its original value. The fall in the O, 
abundance was accompanied by rises in those of CO*, 
CO,*, and H,0*. Evidence will be presented which makes 
it plausible that the process involved is one in which oxygen 
molecules condense on the hot platinum filament and 
evaporate in activated form, perhaps in the 'A or 'Z 
metastable states or both. These molecules possess sufficient 
activation energy to react with substances of low vapor 
pressure adhering to the glass walls of the bulb upon strik- 
ing them. On allowing the process to continue the walls of 
the bulb “cleaned up”’ and the effect vanished. The disso- 
ciation of Hz by a heated tungsten filament was also 
studied by this method and the temperature at which 
dissociation begins agrees with that found by Langmuir 
and Mackay. 


17. Langmuir and G. M. J. Mackay, J. Am. Chem. Soc. 36, 1708 
(1914). 


86. A Simple and Rugged Mass Spectrograph for Rou- 
tine Analysis. WALKER BLEAKNEY AND CHARLEs S. Cum- 
MINGS, Princeton University.—In recent years a demand 
has been rising for a mass spectrograph of simple and 
rugged construction which could be used for routine analy- 
sis of chemical compounds or isotopic mixtures. An instru- 
ment has been built embodying these features. It can be 
baked at elevated temperatures while on the pumps, insur- 
ing a very good vacuum. In addition it is readily demount- 
able. The whole instrument can be taken completely apart 
in ten minutes. All wax, rubber or grease joints have been 
eliminated by the use of copper or aluminum gaskets. The 
analyzer is of the 180° type with a slit separation of 15 cm. 
The ion source is recessed into a spherical cavity in the 
pole in such a way that the electrons are confined to a 
narrow beam by the magnetic field. The design gives high 
efficiency for collection of the ions. Differential pumping 
between ion source and analyzer may be applied. At present 
the instrument is being used with slit widths of 0.5 mm 
and 1.0 mm giving a theoretical resolving power of m/Am 
= 50. In practice this limit is nearly reached. The perform- 
ance indicates that with narrower slits the instrument will 
be useful up to mass 100 or higher. 


87. Ionization of Methyl and Ethyl Alcohol by Electron 
Impact. CHARLES S. CUMMINGS AND WALKER BLEAKNEY, 
Princeton University —The products of ionization by 
electron impact in methyl and ethyl alcohol have been 
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studied with the new mass spectrograph described jn 
another paper. The reactions involved in their formalton 
have been deduced for most of the ions found. In metihy 
alcohol ions corresponding to masses 12, 13, 14, 15, 16, 17, 
28, 29, 30, 31 and 32 were detected. Their appearance 
potentials were respectively 22.6+0.2, 24.50.5, 15.4+0.5, 
14.040.5, 14.140.3, 19.241.0, 13.840.2, 14.240.2, 
12.4+0.1, 11.8+0.1, 10.8+0.2 volts. In ethyl alcohol ions 
corresponding to masses 12 through 17, 19, 24 through 32 
and 40 through 46 were observed. More complete tables of 
relative abundances and appearance potentials will be 
shown. The evidence indicates that in the formation of 
mass 31 in methyl alcohol and masses 45 and 31 in ethyl 
alcohol the oxygen atom, due to the positive charge on 
the ion, becomes trivalent and forms a double bond with 
the carbon and a single bond with one of the hydrogens, 
This raises the dissociation energy of the ion and is in 
accord with the observed low appearance potentials. The 
appearance potentials indicate further that in almost all 
cases the reaction that produces an ion is the one that 
requires the least energy. All the observed ions were pri- 
mary ions resulting from a single collision. 


88. A New Mass Spectrograph Having Extremely 
High Dispersion and Resolving Power. E. B. Jorpan, 
University of Illinois —During the past two and one-half 
years a new mass spectrograph having extremely high 
dispersion and resolving power and employing both velocity 
and direction focusing has been designed and constructed. 
The ions diverging from a second slit S; pass through a 
crossed electric and magnetic field analyzer having an 
effective length of 115 cm. The effect of this arrangement is 
to produce a velocity spectrum in front of a third slit S, 
which allows 0.2 percent of this spectrum to pass on and 
be focused upon a recording plate by means of a magnetic 
field. The mean angle of deflection of the ions in the 
magnetic field is #/3 radians. The mass spectrum thus 
produced has a mean dispersion of 14.6 mm for one percent 
mass difference. The performance of the instrument to date 
indicates that approximately all of the theoretical resolving 
power of 29,200 is attainable. The mass differences as 
obtained by taking the mean of the ratios of the doublet 
separation to the forward and backward dispersion line 
separations are accurate to 5 parts in 10’ when expressed 
in mass spectra units. Furthermore, theory and experiment 
show that this relation holds true regardless of plate posi- 
tion within rather wide limits. Satisfactory spectra of the 
methane series have been obtained with exposure times of 
one minute. Sample spectra and the corresponding mass 
differences will be shown. 


89. A Mass Spectrograph for Separation of Heavy 
Isotopes. K. H. Kincpon anp H. C. PoLiock, General 
Electric Company.—An all-metal mass spectrograph of the 
Dempster type has been constructed. The analyzer is a 
copper tube of 3 cm internal diameter and 12.5 cm radius 
of curvature. It is fitted with removable metal headers at 
each end, the joints being made with lead gaskets, so that 
furnace, slits, and collectors can be removed and replaced 
in a few minutes. With 0.15 mm entrance slits and 0.2 mm 
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exit slit the instrument resolves the Hg isotopes satis- 
factorily. We have also used it with 0.3 mm entrance slits 
to prepare samples of the separated U isotopes. 1.8 micro- 
gram of U** was obtained in three hours’ operation. For 
this purpose UCI, was evaporated from a nichrome V 
furnace which contained both the heater filament and a 
filament to ionize the vapor. The upper collimating slit 
was made part of the furnace to avoid condensation of 
UCI, on it. The magnet current is kept constant by using 
the cut-off of a magnetron in a series solenoid to regulate 
the generator field current through phase control of two 
FG-95 thyratrons. 


90. A New Electron Microscope. L. Marton, RCA 
Manufacturing Company, Inc.—A magnetic electron micro- 
scope suitable for examination of biological and other 
specimens by transmission has been constructed at the 
RCA laboratories in Camden. The instrument incorporates 
many entirely new features, and utilizes some of the princi- 
ples previously described by the author.’ In order to take 
full advantage of the improvement in performance ob- 
tained by having the specimens very close to the objective 
lens, the “stage” carrying the specimens is introduced 
between the pole pieces of the objective coil. The “stage” 
can be moved both vertically and horizontally without 
reference to the alignment of the electron optical system. 
Furthermore, provision is made for cooling the specimen 
with liquid air or other refrigerant, when necessary. A 
coaxial arrangement of a light objective within the pole 
pieces of the objective coil permits simultaneous light and 
electron optical observation. Air locks are provided at the 
object and photographic chambers to facilitate changing 
plates and specimens. These are so designed that greased 
joints are unnecessary. Preliminary results show a resolving 
power considerably better than 100A. 


1L. Marton, Bull. Acad. Belg., Bruxelles 20, 439 (1934); 21, 553 
(1935); 21, 606 (1935); 22, 1336 (1936): Physica 3, 959 (1936). 


91. Design and Performance of an Electron Diffraction 
Camera. J. E. Ruepy, RCA Manufacturing Company, Inc. 
—An electron diffraction camera has been built for use in 
the study of photo- and secondary electron emissive sur- 
faces. The electron beam is produced by a modified cathode- 
ray tube gun having an a.c. heated tungsten wire cathode, 
for which the focusing voltages are supplied by rectifiers. 
Beam velocities up to 40 kv are available. The maximum 
beam current, after reduction by a screening aperture, is 
about 0.1 ya, which is sufficient to make visible most 
patterns which can be photographed. When a picture is 
to be taken the beam is reduced until the exposure time is 
one or two seconds. The specimen adjustment mechanism 
and photographic shutter control are of new design and 
have proven themselves very satisfactory. A port directly 
above the specimen position is used to mount an electron 
gun for measuring the low voltage secondary emission 
ratio of the material being studied. The pumping system 
consists of a Megavac fore pump and a four-inch diameter, 
three-stage oil diffusion pump. The latter can be isolated 
and kept operating while the photographic plate or speci- 
men is being changed in the diffraction chamber. 
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92. A Generalized Theory of the Concave Grating. H. 
BEUTLER, University of Chicago.—Continuing the investi- 
gations reported earlier,' a general formula is set up for 
reflection and diffraction by a concave grating for an arbi- 
trary position of the luminous point or of the image. The 
formula involving the three space coordinates contains as 
special cases all the known mountings of the grating, for 
example, grazing incidence and stigmatic mounting. Ex- 
panding-the formula in power series and using the Fermat 
condition for image formation, one obtains expressions for 
aberration, astigmatism, coma and higher order effects, 
which have been numerically calculated and are repre- 
sented by a set of graphs for any incident and emergent 
angle. These factors determine the quality of the image, 
which in turn limits the attainable resolution. Some of the 
interesting results are: Heretofore the aberration deter- 
mined an optimal grating width; now there is obtained an 
optimal circular area, the diameter of which is equal to 
the previously allowed width. The presence of coma limits 
the length of the rulings allowed for large angles. Its effect 
is small for Eagle mounting (incident angle equal to 
emergent angle). For stigmatic mounting (incident light 
parallel) aberration, astigmatism and coma disappear 
completely at the normal. 
1H. Beutler, Phys. Rev. 57, 354 (1940). 


93. Analysis of Singly Ionized Cerium. W. E. ALBert- 
sON AND G. R. Harrison, Massachusetts Institute of 
Technology—New Zeeman effect measurements and new 
visible and near infra-red wave-length data have made 
possible extension of the analysis, which now accounts for 
3407 lines—an estimated 98 percent of the total intensity 
of radiation in the Ce II spectrum in the region 2500-9000A. 
These lines result from transitions within two groups of 
levels which have not as yet been connected; the first 
contains 234 levels and the second 67. The smaller group is 
based on the parent configuration 4f*, from which (*H)6s, 
(?H)6p, (?F)6s, and ('G)6s have been found complete, as 
well as nearly all of (?H)5d, (?F)6p, and (*G)6p. The coupling 
in 4f? is nearly (LS), whereas the 6s, 6p and 5d electrons 
add on with nearly (JJ) coupling. It is estimated that the 
larger group lies about 5000 cm™ above this group and 
will combine with it to give intense infra-red lines. The 
larger group is believed to arise from the configurations 
4fSd6s, 4f5d* and 4f6s* for the low levels, and 4/5d6p, 
4f6s6p, 5d*6s and Sd6s* for the higher combining levels. 


94. Line Spectra in the Vacuum Ultraviolet. J. C. Boyce 
AND L. Miscu, Massachusetts Institute of Technology.— 
A survey of existing observations of line spectra in the 
vacuum ultraviolet shows reasonably complete data, for the 
first five spectra of each element, for most of the lighter 
elements. Beyond calcium the increasing complexity of 
the spectra introduces two difficulties, the larger number 
of lines to be measured, and the greater wave number 
accuracy necessary to avoid false intervals in the analysis 
of the spectra. Support from the Carnegie Institution of 
Washington has made possible a program of systematic 
observation of such spectra to fill the wide gaps in the 
existing data. Comparative exposures from various light 
sources will be necessary to identify the various stages of 
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ionization, but a start has been made with sparks in nitro- 
gen for fifteen elements. Some of these plates have now 
been measured on the Harrison automatic comparator.! 
A parallel project of the Works Progress Administration 
provides clerical assistance in reading and tabulating the 
record films from the automatic comparator. On plates 
with dispersion 4.25A/mm the average of six measurements 
(three in each direction) gives a precision of 0.003A. 
Priority in observation and measurement will be given to 
spectra under investigation in this and other laboratories. 
Spectrum plates and comparator records will be made 
available to properly qualified investigators engaged in 
the term analysis of particular spectra. 


1G. R. Harrison, J. Opt. Soc. Am. 25, 169 (1935); Rev. Sci. Inst. 9, 
15 (1938). 


95. Zeeman Effects in Ruthenium Spectra at High 
Fields (Ru I and Ru II). GeorGe R. HARRISON AND J. 
RanD MCNALLY, JR., Massachusetts Institute of Technology. 
—Using a 1700-kw Bitter electromagnet to produce fields 
up to 95,000 gauss! the Zeeman effects of the first and 
second spectra of ruthenium have been recorded with 
three 10-meter concave gratings, at 0.8A/mm in the range 
2200 to 5500A, and at 1.6A/mm to 8000A. Although an 
electric arc was used as source, the magnetic field increased 
the excitation almost to that of a spark. Some 300 clearly 
resolved patterns have thus far been reduced to obtain 
both g and J values for terms, and 100 entirely unresolved 
patterns have been measured to determine g values. A 
number of very unsymmetrical lines have been found, 
and these are being especially investigated along the lines 
indicated by Mack and Laporte,? and by Roberson and 
Mack® for tungsten 44659. The data obtained are being 
used to extend the classification of Ru I and Ru II. 

1 Harrison and Bitter, Phys. Rev. 57, 15 (1940). 

2? Mack and Laporte, Phys. Rev. 51, 291 (1937). 

3 Roberson and Mack, Phys. Rev. 55, 116 (1939). 

96. The Hyperfine Structure of CsII. R. A. Boyp AND 
R. A. SawvER, University of Michigan.—The first accurate 
measurements of h.f.s. in CsII were made by Kopferman' 
who published results on nine lines and established the 
nuclear spin as 7/2. These nine lines involved transitions 
among eight levels in the CsII spectrum, the analysis of 
which was first given by Laporte, Miller and Sawyer,? who 
classified and extended the level scheme of Sommer.’ 
Further extensions of the classification in this laboratory 
and elsewhere‘ have revealed many more terms, resting 
however chiefly on constant frequency differences. Exam- 
ination of the hollow cathode spectrum of CsII with a 
Fabry-Perot interferometer shows that many lines have 
h.f.s. The present work was undertaken with the purpose of 
using the h.f.s. to check the classification and to fix the 
j values and if possible the configurations of the terms. A 
study of the structure of fourteen lines has verified nine 
energy levels, and fixed their j values and h.f.s. internal 
factors. One of these terms, 122,365.5, has not previously 
been published. The research is being continued. 

1H. Kopferman, Zeits. f. Physik 73, 437 (1931). 


20. Laporte, G. R. Miller and R. A. Sawyer, Phys. Rev. 37, 845 | 


porte, 
(1931) and 39, 458 (1932). 
3L. A. Sommer, Ann. d. Physik 75, 163 (1924). : 
4 J. Olthoff and R. A. Sawyer, Phys. Rev. 42, 766 (1932); R. Ricard, 
Comptes rendus 206, 905 (1938); M. A. Wheatley and R. A. Sawyer, 


unpublished. 
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97. Studies of Coupling in W/ from Paschen-Back 
Effect. J. H. RoBERSON AND J. E. Mack, University of 
Wisconsin.—The dependence upon the magnetic field of 
the energies of two close neighboring levels of the neutral 
tungsten atom, previously studied' in smaller fields, has 
been investigated up to a magnetic field of 10° c.g, 
(plates by Harrison). The interaction constant k is inde. 
pendent of M and the field except for fluctuations of the 
order of 0.05 cm, which may be due to the wandering of 
the reference lines in the field. In addition, k values have 
been obtained for several weaker interactions in the same 
spectrum. General considerations show that asymmetries 
of this sort occur only on account of the LS interaction 
between the levels concerned; so the phenomenon can be 
described as the well known Paschen-Back effect, occurring 
to a pair of levels only to the extent to which, in LS 
language, they belong to one or more multiplets in com- 
mon. Certain coupling properties among the WIJ levels 
5d‘6s(*D)6p *5FDP have been determined with the aid of 
these data. 


1J. E. Mack and O. Laporte, Phys. Rev. 51, 291 (1937); J. H, 
Roberson and J. E. Mack, Phys. Rey. 55, 1126 (1939). 


98. A Spectrographic Method for the Measurement of. 
the Rate of Recombination of Atomic Hydrogen. W. M. 
Preston, Harvard University—Previous methods for the 
determination of the rate constants of the various processes 
by which hydrogen atoms recombine to form molecules 
have been indirect, or have required troublesome correc- 
tions, and do not agree well. An attempt has been made to 
use the absorption spectrum of atomic hydrogen as a direct 
and sensitive measure of atomic concentration. The light 
source is an intermittent hydrogen discharge, emitting 
strongly the first line of the Lyman series at 1215.6A, Lyz. 
Light from the source passes through an absorption cell, 
closed by lithium fluoride windows, and is analyzed by a 
one-meter vacuum spectrograph. Atomic hydrogen is 
produced by a brief electric discharge through hydrogen 
gas in the absorption cell. After a short variable interval 
At, the source tube is flashed, and the transmitted intensity 
of Lyq, reduced by the absorption due to any hydrogen 
atoms in the absorption cell, is measured by a photoelectric 
cell. The method succeeded to the extent that hydrogen 
atoms could be detected and their rate of recombination 
determined. However, the recombination process was due 
largely to a wall effect, rather than to triple collisions in 
the gas volume. The usefulness of the method is at present 
limited because no way has been found to “poison”? the 
walls, which does not involve the presence of water vapor 
in the absorption cell. Water vapor unfortunately has a 
narrow, strong absorption band at just the wave-length of 


Lya- 


99. On Sommerfeld’s Fine Structure Constant. ALFRED 
Lanpk, Ohio State University —The problem of the self- 
consistent wave field in the p, E space with the rest value 
mc=b and in the r, ¢ space of Dirac’s signal intervals 
with the rest signal radius a leads to an integral equation 
with the ratio ab/h=y as its eigenvalue. A strict solution 
has now been found. The ground eigenfunction represents a 
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constant density in the proper space, which is a Gaussian- 
like distribution in the ordinary space. The eigenvalue is 
as small as 1=0.030. The fine structure constant a=y/y 
depends on the factor 7 in Dirac’s signal radius a = ye®/me*. 


100. The Illinois Linear Accelerator. J. H. MANLEY, 
L. J. Hawortu, E. A. LuEBKE, AND M. P. Vore, Univer- 
sity of Illinots.—With an accelerating tube and Zinn-type 
jon-source, ion currents of 350 microamperes at the target 
at 225 kv have been obtained. The ion path is 350 cm 
and practically all of the ion current can be focused to a 
spot less than 2 mm in diameter. Novel features of focus 
control, target construction for a D-D neutron source 
and an arrangement for modulation of the deuteron beam 
will be discussed. The apparatus is being used for a survey 
of slow neutron excitation functions. 


101. Neutron Velocity Measurements. L. J. HAwortu, 
J. H. Maney, M. P. Vore ann E. A. Lueske, University 
of Illinois.—Special circuits have been developed for neu- 
tron velocity measurements. A master oscillator triggers 
a special circuit which allows the deuteron beam to strike 
the target of the accelerating tube for an accurately known 
time. At the same time a novel oscilloscope sweep circuit 
is triggered and neutron pulses produced at the detector 
and fed to the oscilloscope are thus accurately timed with 
respect to the target pulse. Since the detector pulses are 
less than 10~* sec. wide, the resolution is determined en- 
tirely by the target pulse width which is limited only by 
the available intensity. 


102. Anomalous Scattering of Neutrons by Helium and 
the D-D Neutron Spectrum. Emmett HupsPETH AND 
Henry DunwaP, Rice Institute—An investigation of the 
variation of the ratio of the scattering cross section of 
neutrons by helium and hydrogen has been made. Neu- 
trons were obtained from a d-d source partly surrounded 
by 3 cm of paraffin. The anomalously high cross section in 
helium! at 1.0 Mev was found, and the helium-hydrogen 
cross-section ratio diminishes to about half this maximum 
value at 1.4 Mev. No other maxima were observed. The 
d-d neutron spectrum was also investigated by helium 
recoils. The spectrum appears to be homogeneous; no evi- 
dence was found for a low energy group of neutrons with 
an intensity as great as 1 percent of the main group. 


1H. Staub and W. E. Stephens, Phys. Rev. 55, 131 (1939). 


103. Resonances in the Disintegration of Carbon by 
Deuterons. T. W. BONNER AND Emmett HupsPetu, Rice 
Institute-—The excitation curve for the production of neu- 
trons from the bombardment of carbon by deuterons has 
been obtained. The yield curve shows resonances at 920, 
1130, and 1300 kv. These resonances.are at the same 
position as those found for the production of y-rays.' It 
seems that these resonances correspond to levels in an 
excited intermediate N™ nucleus which subsequently may 
either break up into N™ and a neutron or may fall to the 
ground state by the emission of a y-ray. 


1W. E. Bennett and T. W. Bonner, abstract 160. 


104. Fast Neutron Collision Cross Sections of C and H. 
E. O. SALAnt, Washington Square College, New York Uni- 
versity, AND N. F. RaMsEy,* Carnegie Institution of Wash- 
ington.—Measurements of the scattering of the high energy 
group of D Li neutrons have been repeated' under im- 
proved conditions. Uncertainties in the energy and in 
effects of geometry are now small. Diameter of target is 
1 cm, of copper detector is 2.5 cm; target-to-detector 
distance is 35 cm. Tests show the presence of only the ten- 
minute period of copper in our experimental procedure 
and negligible scattering from the room. Further evidence 
is found for placing the copper n-2n,threshold close to 
12 Mev.? With three thicknesses of scatterers (50-85 per- 
cent transmissions), cross sections do not vary. Experi- 
ments were performed at 15° and at 90° to the 0.9-Mev 
deuteron beam, yielding 15- and 14-Mev neutrons, re- 
spectively. The collision cross sections ¢ are: 


¢ X10™ cm? 
ENERGY n-C n-p n-p 


MEV OBS. OBS. THEOR. 
14 1.27+0.04 0.70 +0.06 0.66 
15 1.36 +0.05 0.66 +0.07 0.61 


The observed n-p cross sections were evaluated from the 
observed neutron cross sections of carbon and of paraffin 
whose carbon-hydrogen content was determined by chem- 
ical analysis. The theoretical values are from Kittel and 
Breit.* 


* Carnegie Institution Fellow. 

1 E. O. Salant, R. B. Roberts and P. Wang, Phys. Rev. 55, 984 (1939). 
?R. Sagane, Phys. Rev. 53, 492 (1938). 

+C. Kittel and G. Breit, Phys. Rev. 56, 744 (1939). 


105. The Elastic Scattering of Fast Neutrons. G. 
PLACZEK AND H. A. Bertue, Cornell University.—Bohr, 
Peierls and Placzek' have shown that, apart from the ine- 
lastic scattering, we have also to expect an important elastic 
scattering of fast neutrons by nuclei, which has a cross 
section of the order of nuclear dimensions, goes mostly into 
the forward direction and, for wave-length small compared 
to the nuclear radius, goes over into the geometric shadow 
of the nucleus. Recent experiments** seem to demonstrate 
this effect clearly. In the particular case of sticking prob- 
ability equal to one, the angular distribution of the elastic 
scattering can be derived directly from general principles. 
The cross section per unit solid angle ¢ in this case is 


{ Scene" 
GE fe ® 
oe 


where R is the nuclear radius, & the wave vector, 3 the 
scattering angle and J; the Bessel function of order 1. 
This seems to be in qualitative agreement with the experi- 
mental results of Wakatuki and Kikuchi.’ If the sticking 
probability is smaller than one, the angular distribution is 
more complicated but can be computed on the basis of 
a nuclear model recently proposed by Bethe.* 

1N. Bohr, R. Peierls and G. Placzek, Proc. Copenhagen Academy, 
Or, a Rev. 57, 352 (1940). 


*T. Wakatuki and S. Kikuchi, Proc. Phys. Math. Soc. Jap. 21, 656 


(1939). 
‘H. A. Bethe, Bulletin A. P. S.. New York Meeting, 1940. 
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106. The Angular Distribution of Slow Neutrons Scat- 
tered from Various Materials. MARTIN D. WHITAKER AND 
Wiiuiam C. Bricut, New York University —The assump- 
tion of spherical symmetry in the distribution of scattered 
neutrons of low energy must be abandoned at least in cases 
involving magnetic,' crystalline? or light materials. An 
experimental study of this question of angular distribution 
of scattered slow neutrons is being made. The annular ring 
technique has been adapted for angles of less than 90°. 
Scattering samples 28 cm in diameter and having a trans- 
mission of 50 percent are placed midway between a boron 
detector and the 600-mg Ra-Be neutron source suitably 
placed in paraffin’ The detector is shielded from direct 
radiation by paraffin, Cd, and B,C, so that only neutrons 
scattered through selected angles reach the detector. 
Various angular regions can be selected by varying the 
distance from source to detector and by using different 
parts of the samples. Preliminary comparisons of the 
scattering of lead with that of several other materials are 
shown in the table. If the ratios of scattering to total cross 
section given in the third column are correct and if the 


10° to 45° 10° to 90° (¢s/e%) X100 
Pb 100 100 100 
Paraffin 160 150 100 
Cc 136 120 100 
MnSO, 93 68 63 
Fe 70 84 75 


distribution were the same for the materials, the numbers 
in columns one and two should be identical with those in 
three. 


10. Halpern and M. H. Johnson, Phys. Rev. 55, 898 (1939). 
(1939). D. Whitaker and H. G. Beyer, Phys. Rev. 55, 1101; 55, 1024 


107. The Scattering of Slow Neutrons by Molecules. 
R. G. Sacus AND E. TELLER, The George Washington Uni- 
versity.—It has been shown by Fermi’ that the cross section 
for the scattering of slow neutrons by protons is four times 
greater for strongly bound protons than it is for free pro- 
tons. A simple generalization of this factor of four can be 
given for the scattering of neutrons whose energy is great 
as compared to the energy differences of the rotational 
levels of the scattering molecule but small compared to 
the quanta of molecular vibration. In this case, the proton 
may be treated as free if its mass is replaced by a mass 
tensor depending on the mass and structure of the molecule. 
Thus for the scattering of neutrons in Hz: the effective 
mass of the proton is equal to its real mass if the relative 
velocity of the neutron and the molecule is perpendicular 
to the H-H axis, and it is twice the protonic mass if the 
direction of the relative velocity is parallel to the H-H 
axis. One obtains for Hz a scattering cross section per proton 
which is 1.22 times greater than the cross section for the 
free proton. 

1E. Fermi, Ricerca Scient. VII-II, 13 (1936). 


108. Further Experiments with Mono Energetic Slow 
Neutrons. C. P. BAKER AND R. F. BAcHER, Cornell Uni- 
versity.—Using the intermittent ion source for the cyclotron 
and an amplifier with adjustable time of sensitivity pre- 
viously reported,! the range of neutron energies has been 
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extended. Evidence for the resonance absorption of rho. 
dium and indium has been obtained. Results uncorrecteq 
for resolution of the apparatus but corrected for time delay 
in amplifier and ionization chamber show that minimum 
transmission occurs at 0.9 ev for both elements. A study 
of the transmission of thick cadmium (0.45 g/cm*) indicates 
that the transmission is approximately 5 percent at 0.2 ey 
and 50 percent at 0.5 ev. Direct evidence of the finite life 
of thermal neutrons in paraffin has been found. The BF, 
ionization chamber was placed next to the paraffin block 
and the number of neutron pulses counted in 50-micro- 
second time intervals after the neutron burst. Neutrons 
were detected for 400 microseconds after the burst and 
these neutrons were found to be absorbed by thick cad- 
mium. Preliminary results indicate that the decay curve js 
exponential except for the start and that the mean life js 
about 160 microseconds. 


1 Baker and Bacher, Phys. Rev. 57, 351 (1940). 


109. Bragg Reflection of Neutrons from MgO Crystals. 
GEORGE J. THIESSEN, Columbia University.—Existing evi- 
dence’ for coherent scattering of neutrons is mostly of a 
qualitative nature. The direct approach in experiments by 
Mitchell and Powers* did not yield a rocking curve due to 
small neutron intensities. The present experiments were 
undertaken when the much greater intensities from the 
Columbia cyclotron became available. To simulate a 
3” <4" crystal, seven single crystals of MgO were mounted 
on a brass plate and this was mounted on a spectrometer. 
In spite of heavy shielding with Cd, B,C, paraffin and 
water, the background was approximately equal to the 
total intensity of the scattered neutrons. A divergence of 
the beam of at least 6° was permitted. Under these condi- 
tions rocking curves were obtained. Preliminary measure- 
ments of energy distribution of neutrons in the beam are 
in agreement with the Maxwellian distribution and the 
1/v law of absorption in the boron detector. The coherent 
scattering is from 60 to 80 percent (depending on collima- 
tion) of the scattered beam. 

1 Von Halban and Preiswerk, Comptes rendus 203, July, 1936. 


2 Beyer and Whitaker (in the process of publication). 
3 Mitchell and Powers, Phys. Rev. 50, 486 (1936). 


110. The Relative Distribution in Energy of the Neu- 
trons from the (p,n) Reactions in Lithium and Beryllium. 
J. E. Hiti, University of Rochester.—The yields of neutrons 
from thick targets of lithium and beryllium bombarded by 
6.7-Mev protons are found to be the same within 15 percent 
when a silver detector encased in paraffin is used.' How- 
ever, the activity induced in aluminum by the reaction 
Al?7(n,p)Mg*? is four times stronger for the lithium than 
for the beryllium neutrons under the same conditions. In 
the reaction Li?(p,) Be’, which has a definite threshold at a 
proton energy of 1.86 Mev**, neutrons with a definite 
upper energy limit are produced for protons of any fixed 
energy above the threshold. By varying the energy of 
protons on lithium it is found that the Al(m,p) reaction 
occurs only for neutrons with energies above about 3.0 Mev 
(this supersedes the previously reported value of 2.6 Mev).! 
The low yield of this reaction with beryllium neutrons sug- 
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gests that these neutrons are largely of lower energies even 
though the threshold of the Be*(p,m) B® reaction is about the 
same, 2.01 Mev.*® At the threshold it is probable that B® 
is formed in a metastable state but for higher proton 
energies the compound nucleus B" probably disintegrates 
directly into three or more heavy particles of which one is 
a neutron. This would account for a preponderance of 
neutrons of much lower energy than that expected from 
the threshold. 


1J. E. Hill, Phys. Rev. 55, 1117(A) (1939). 

? J. E. Hill and G. E. Valley, Phys. Rev. 55, 678(A) (1939). 

3R. O. Haxby, W. E. Shoupp, W. E. Stephens and W. H. Wells, 
Phys. Rev. 57, 348(A) (1940). : 

4J. E. Hill, abstract 57, New York Meeting, February 24, 1940. 

’R. O. Haxby, W. E. Shoupp, W. E. Stephens and W. H. Wells, 
abstract 58, New York Meeting, February 24, 1940. 


111. Relativistic Corrections to Neutron-Proton and 
Proton-Proton Scattering. L. E. Hotstncton, University of 
Wisconsin.—Relativistic corrections to the neutron-proton 
and proton-proton 'S scattering cross sections have been 
calculated from one of Breit’s equations! which is invariant 
to order v*/c?. The changes in the logarithmic derivative 
due to the correction terms were computed to the first 
order by a perturbation method based on the Riccati 
equation.? The scattering cross section was kept fixed and 
changes in depth required to compensate the effect of the 
corrections were computed for a “square well” interaction 
potential having a width e*/mc*. For the neutron-proton 
potential (nonrelativistic depth = 11.54 Mev) these changes 
are +0.005 Mev for zero energy, —0.028 Mev for 4-Mev 
and —0.134 Mev for 16-Mev neutrons. For the proton- 
proton potential (nonrelativistic depth = 10.5 Mev without 
interior Coulomb potential) the required changes are 
+0.011 Mev, —0.004 Mev for 0.8-Mev and 2.4-Mev 
protons, respectively. The Coulomb field inside the well 
was neglected. It is expected that the changes are also 
approximately correct for an interaction potential with 
interior Coulomb field (depth =11.3 Mev). The range of 
force (width of potential well) required by experiment is 
increased slightly by the corrections. 

1G. Breit, Phys. Rev. 53, 153 (1938), Eq. (17). 


2G. Breit, H. M. Thaxton and L. Eisenbud, Phys. Rev. 55, 1018 
(1939), Eqs. (9), (9.1). 


112. Scattering of One- to Three-Mev Protons by 
Helium. N. P. HEYDENBURG AND N. F. Ramsey,* Depart- 
ment of Terrestrial Magnetism, Carnegie Institution of 
Washington.—The scattering of protons of from one to 
three Mev energy by helium has been experimentally 
examined for the existence of resonance scattering analo- 
gous to the neutron-helium resonance observed for 1-Mev 
neutrons by Staub and Stephens.! As has been pointed out,? 
if n—n and p-p nuclear forces are equal, such a resonance 
should occur in p-He scattering for 2-Mev protons. The 
number of protons scattered 140° were first observed as a 
function of their energy. No evidence for a resonance 
scattering of comparable sharpness to the neutron-helium 
resonance was observed, even though a p resonance scatter- 
ing should have been easily observable. There was, never- 
theless, a very broad maximum centered at 2 Mev, whose 
half-width was over 1 Mev and height only a factor of 2 in 
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contrast with Staub and Stephens’ half-width of 200 kv 
and height a factor of 9. A greater breadth for the p-He 
resonance can, as suggested by U. Fano, be justified; hence, 
our results are not inconsistent with those of Staub and 
Stephens or with the equality of m-n and p-p forces. 
Measurements of the angular distribution of the p-He 
scattering are now being made at different energies. These 
show that only about half the 140° scattering can be at- 
tributed to an s wave. 


* Carnegie Institution Fellow. 
1H. Staub and W. E. Stephens, Phys. Rev. 55, 131 (1939). 
2H. Primakoff and H. H. Goldsmith, Phys. Rev. 55, 1117 (1939). 


113. Lifetime of Excited Diacetyl Molecule. G. M. Amy 
AND Scott ANDERSON, University of Illinois.—Many sub- 
stances containing the acetyl radical, CH;CO, e.g., acetone, 
show identical green fluorescence when exposed to light 
they will absorb. In acetone this fluorescence is due to the 
growth of diacetyl formed under the action of light. 
Several properties of diacetyl fluorescence have been re- 
ported and we can now add to these the results of measure- 
ments bearing on the lifetime of the excited state of 
diacetyl in vapor at 25°C. (1) Direct visual phosphoroscope 
measurements of the decay of the fluorescent intensity 
show a mean lifetime (7) of 1.70.2 107? second. (2) By 
the use of photographic photometry of the fluorescence, a 
quantitative study of the diffusion of excited diacetyl 
molecules from an illuminated beam into a shadow con- 
taining unexcited molecules yields the product of the 
diffusion coefficient (D) by r. Combined with r from (1) 
a value of D=3.0X 107? (at 25°C and adjusted to 1 atmos- 
phere pressure) is obtained, which is about that to be 
expected from kinetic theory. (3) The integrated absorption 
coefficient over the absorption band associated with the 
fluorescence leads, however, to a much shorter r of about 
10-* second. 

Since the quantum yield of fluorescence in diacetyl has 
been found to be about 1/30, the mean lifetime against 
fluorescence may be 30 times the value measured in (1), or 
about 0.05 sec. The conclusion seems to be that after 
excitation the molecule goes into a metastable state of 
long life. 


114. The Infra-Red Spectrum of Potassium Cyanate. 
DupLey WitiiaMs, University of Florida.—The transmis- 
sion of potassium cyanate in solution has been studied in 
the region 2u-14u. The observed spectrum was found to 
change with the age of the solution. In freshly prepared 
solutions absorption frequencies near 2180 cm™ and 840 
cm were observed. Soon after the preparation of a solu- 
tion, additional bands made their appearance and the 
original bands decreased in intensity. The changes in 
spectrum of a saturated solution were followed for a period 
of ten days. The additional bands appear in regions where 
NH, and CO; groups would be expected to absorb. It is 
probable that potassium cyanate decomposes in aqueous 
solution in the following manner: 


KOCN+3H,O-NH,OH+KHCO; 


(with intermediate steps involved). If the frequencies 
840 cm™ and 2180 cm™ be regarded as frequencies »; and v3 
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of a linear cyanate group, the following force constants are 
obtained: koc=4.6X105 dynes/em and kon = 15.9105 
dynes/cm. These values are in fair agreement with the 
corresponding constants of other triatomic systems having 
similar electronic structure. 


115. The Raman Spectrum of Formic Acid Vapor. L. G. 
BONNER AND J. S. Kirpy-Smitu, Duke University.—The 
Raman spectrum of gaseous formic acid has been obtained 
at temperatures up to 200°C and pressures up to 4 atmos. 
We have been able to separate the spectrum of the single 
molecules from that of the double and wish to assign tenta- 
tively the frequencies 232, 919, 1346, 2945, and 3566 cm 
to the monomer and 232, 981, 1049, 1346, and 2945 cm= 
to the dimer. By comparison with the known infra-red 
spectra of formic acid and its deuterium derivatives, it is 
possible to assign a number of these frequencies to vibration 
modes. 


116. Raman Spectra of Aqueous Solutions of Sucrose. 
Forrest F, CLEVELAND, Armour Institute of Technology.— 
The Raman spectra of saturated and 30 percent solutions 
of sucrose have been obtained with a spectrograph having 
a linear dispersion of 33A/mm at 4500A. No differences 
were observed in the spectra of the dilute and concentrated 
solutions. Thirty-eight lines, in addition to the broad water 
band extending from 3140 to 3684 cm™, were observed. 
Eleven of the nineteen frequencies reported by Polara! for 
sucrose agree fairly well with frequencies observed in this 
study, but the remaining eight were not found. Depolariza- 
tion measurements have been made for the more intense 
lines. The frequencies 105(6), 117(4) and 135(3) were 
observed also on a spectrogram made with pure water and 
are therefore not to be ascribed to sucrose. Chemical evi- 
dence indicates that the sucrose molecule consists of a 
pyranose ring (one oxygen and five carbon atoms) and a 
furanose ring (one oxygen and four carbon atoms), linked 
together by an oxygen atom. The spectroscopic results 
seem consistent with this view. 

1V. Polara, Accad. Lincei, Atti 14, 293 (1931). 


117. The Rotational Structure of the Fundamental » 
(C—H) Vibration Band of Formic Acid. Linco_n G. SmitH 
AND V. WiiiAMs, Princeton University.—The rotational 
structure of the fundamental infra-red band, »(C—H), 
in the monomer spectrum of formic acid has been obtained 
with a 4800 line echelette grating in the first order. The 
appearance of this band is very similar to that of the 
v(O—H) harmonic bands described by Bauer and Badger! 
and Thompson.’ This structure consists of sharply defined 
lines forming pQ and rQ branches whose separations show 
a divergence closely resembling that of the O—H bands. 
In the region of the band center (approximately 2910 
cm=") there is definite structure which cannot be assigned 
to either the ~Q or rQ series. However, there is no strong 
qgQ branch indicating that the change in dipole moment 
must be very nearly perpendicular to the axis of least 
moment of inertia. 


1Simon H. Bauer and Richard M. Badger, J. Chem. Phys. 5, 852 


(1937). 
3H. W. Thompson, J. Chem. Phys. 7, 453 (1939). 





118. The Infra-Red Absorption Spectrum of Cystine 
and Deuterium Cystine. C. M. HERGET AND J. D. Harpy, 
Russell Sage Institute of Pathology, New York Hospital, 
The J. D. Hardy infra-red recording spectrophotometer! 
was used, which instrument is well adapted to making 
rapid and accurate surveys of infra-red absorption spectra 
from 1 to 14. A spectrum can be obtained in about forty- 
five minutes. The various cystine samples were spread in 
the form of dry powders on a rocksalt plate from suspension 
in 95 percent ethyl alcohol. The troublesome scattering 
at the shorter wave-lengths, which such procedure usually 
incurs, was compensated for by introducing into the contro] 
beam of the spectrophotometer a roughened rocksalt plate ' 
which introduced an amount of scattering equal to that in 
the sample beam. Besides that of normal cystine, there has 
been obtained the spectrum of cystine with deuterium 
replacing the hydrogen of the carboxyl group, the hydrogen 
of the amino group, and the hydrogen on the a-carbon atom, 

1J. D. Hardy and A. I. Ryer, Phys. Rev. 55, 1112(A) (1939). 


119. Absorption Spectrum of Monochlorobenzene at 
2750 —2400A. H. SPONER AND S. H. WoLLMAN, Duke Uni- 
versity.—The absorption spectrum of CsH;sCl at 2750— 
2400A was photographed in the first order of a 3-m grating 
spectrograph. The band system corresponds to an elec- 
tronic transition A;—>B, (monochlorobenzene has the 
symmetry C2.) with the transition moment lying in the 
molecular plane perpendicular to the C—Cl bond. In 
agreement with this assignment to an allowed transition 
the O,O band appears strongly both in the vapor at 37,052 
and in the solid at 36,860 cm. Since CsHsCl possesses 
eleven totally symmetrical vibrations several progressions 
of these must be expected. Accordingly the observed 
structure becomes more complicated towards the violet 
because of the increasing number of possible combinations 
of totally symmetrical vibrations. Frequencies of 931, 965 
and 1041 cm~ are regarded as totally symmetrical carbon 
vibrations in the upper state. The CsHsCl spectrum is only 
two times stronger than the corresponding benzene absorp- 
tion, although the first represents an allowed and the 
second a forbidden transition. It is therefore not impossible 
that the mechanism which brought the benzene spectrum 
into appearance, namely the excitation of an E,* vibration, 
remains relatively important in CsHsCl. In this connection 
the strongest band of the second group of the spectrum, 
which lies 525 cm apart from the O,O band, is tentatively 
associated with the corresponding vibration in CsH;Cl. 


120. Absorption System of Sulphur Dioxide at 3800A. 
N. METROPOLIS AND H. BEvuTLER, University of Chicago.— 
Photographs of the absorption of SO; on the 30-foot grating 
spectrograph revealed an electronic transition at 3879A, 
the long wave-length end of the known absorption. Discrete 
bands can be observed with a one-meter absorbing layer, 
indicating that the electron jump is forbidden. The vibra- 
tionless transition lies at 25,774.6 cm™; the breathing 
vibration 1’ in the new state is 908 cm™, the deformation 
vibration is v2’=362 cm. Fourteen bands fit these con- 
stants (v;’=0 to 3, m:’=0 to 3), the transitions Av; =1 and 


Av: =1 being the strongest ones. A perturbation occurs in 
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y,'=1. Besides these bands, some weaker ones appear. 
Attempts to explain them within the possible number of 
levels in the named two sequences failed. Tentatively they 
may be assigned as transitions involving the change of the 
asymmetric mode of vibration. For Av;=2, a fairly intense 
band at 27,843 cm™ may be accounted for very weak bands 
suggest the transitions to (1’,0’,0’), (1’,0’,1’) and (1’,1’,1’). 
Pictures taken at approximately 500°C exhibit the ab- 
sorption from thermally excited levels v2’ and 2,” and 
confirm the value of the electronic transition. 


121. The Absorption Spectrum of HgIn and HgTI. J. G. 
Winans, Francis J. Davis, anp Victor A. LEITzKE, 
University of Wisconsin.—It has been possible to obtain 
absorption bands of HgIn and HgTI even though these 
molecules appear to have such small binding energy that 
they are nearly 100 percent dissociated at the temperatures 
required to give the vapor pressures of indium or thallium 
necessary for molecule formation. The absorption bands 
are obtained with a quartz tube containing indium or 
thallium, mercury, and neon at about 5 cm pressure. The 
tube is heated generally to give a mercury pressure of about 
10 cm and a 2-cm diameter bulb containing a drop of In 
or Tl is heated locally to about 1100°C with a blow torch. 
The source of heat was removed and after from 5 to 40 
seconds of cooling the absorption spectrum was photo- 
graphed. A type H3 mercury arc served as light source. The 
absorption bands obtained have sharp edges on the short 
wave side and form series with nearly equal intervals 
extending to longer wave-lengths from the most intense 
band. The HgIn bands are near 2700A while the HgTI 
bands are near 3230A. The wave numbers at the sharp 
edges with estimated intensities are: for HgIn 37,563.5 (9), 
37,412.6 (10), 37,246.5 (2), 37,098.3 (9), 36,933.7 (5), 
36,782.0 (6), 36,621.5 (4), 36,465.1 (1); for HgT1 31,035.8 
(10), 31,012.6 (9), 30,946.1 (2), 30,943.8 (9), 30,933.2 (1), 
30,854.1 (3), 30,848.6 (6), and 30,693.3 (1). 


122. Molecular Structure of Nitrogen Dioxide and 
Nitric Acid by Electron Diffraction. Louis R. MAXWELL 
AnD V. M. Mostey, Bureau of Agricultural Chemistry and 
Engineering.—New electron diffraction photographs have 
been taken of NO: extending the region previously in- 
vestigated! to include larger angles of scattering. An inter- 
ference ring was found at (1/A) sin 40=0.49 followed by 
another ring appearing at 0.94 as determined by visual 
measurements. The outer portion of the pattern consists of 
two rather broad rings and two well-defined minima. 
Theoretical intensities of scattering were computed for 
various nitrogen valence angles assuming the positions of 
the two oxygens to be equivalent. The best fit and probably 
the correct structure gives the angle O—-N—O=130+2° 
with the N—O distance, 1.21+0.01A. Photographs were 
also obtained from pure nitric acid vapor at 70°C. The 
interference maxima were measured visually as far out as 
the eighth maximum at (1/A) sin 40=1.83, a prominent 
minimum was seen at 1.54. Theoretical intensities were 
computed for various likely models omitting the scattering 
by the hydrogen atom. A good agreement was obtained 
for a planar model having an NO; group with the same 


structure as found for nitrogen dioxide. The third oxygen 
atom 0’ is located at a distance of 1.41A from the nitrogen 
atom and equidistant from the other oxygens. A model 
having the nitrogen atom slightly out of the plane contain- 
ing the oxygens also gave good agreement with the experi- 
mental results. This model however is considered less 
probable in view of Raman spectrum data which appar- 
ently require a planar structure* for O’— NOs. 


sie, V. M. Mosley and L. S. Deming, J. Chem. Phys. 2, 
2 J. Chedin, J. d. phys. et rad. 10, 445 (1939). 


123. Self-Consistent Field for Methane. L. A. Youna, 
Carnegie Institute of Technology.—Calculations similar to 
Hartree’s for atoms have been carried out for CHy. The 
main difference between this work and the Hartree method 
for atoms lies in the fact that the potential of the four pro- 
tons is averaged over a sphere in addition to the usual 
averaging, leading to a central field problem. The angle de- 
pendence of the resulting Hartree functions was taken as 
3(s+73p), corresponding to four equivalent tetrahedral 
bonds. The resulting radial Hartree equation contained 
$h* as the average square of the angular momentum rather 
than the conventional /(/+1)h*®. The calculations were 
extremely sensitive, but by using the proper combination 
of initial and final fields (70 percent, 30 percent) of the 
previous stage of calculation for the initial field of each 
stage, rapid convergence was obtained. The resultant self- 
consistent functions will be discussed in respect to their 
applicability not only to CH, but also to the C—H bond 
in other molecules involving tetrahedral carbon. 


124. Variational Treatment of the C—H Bond in Meth- 
ane. C. L. BARTBERGER, Carnegie Institute of Technology.— 
By using the self-consistent function for three of the bonds 
in CH, an approximate two-electron equation was derived 
for the fourth bond. This was treated by the standard 
variational method. The trial function included the tetra- 
hedral angle dependence for each electron, and factors 
depending on the sum and difference of the distance of 
each electron from the central carbon atom. The approxi- 
mate wave function found by minimization leads to a charge 
density agreeing closely with that given by the self-con- 
sistent function. This strengthens the belief that these 
Hartree functions will prove useful in future molecular 
calculations. The problem here discussed arose in a more 
general study of the C—H bond in halogen derivatives of 
methane. 


125. Field Emission from Tungsten Single Crystals. 
Joun H. Dantet, Massachusetts Institute of Technology. 
(Introduced by W. B. Nottingham.)—Qualitative measure- 
ments of field emission from single crystal tungsten 
“points” have been made with the electron projection tube 
after the manner of Miiller.! Electrolytic etching of tungs- 
ten wire provides a superior method of obtaining a micro- 
scopic point, which is mounted at the center of a spherical 
bulb coated inside with fluorescent material. Emission of 
electrons under the field concentrated around the point 
takes place radially to the screen, giving a highly magnified 
emission picture of the single crystal point. Miiller’s obser- 





















































vations are confirmed, and the crystallographic directions 
of high emission are found to agree with those expected 
from Nichols’ quantitative measurements of thermionic 
work function.? The emission varies more strongly with 
work function than thermionic emission, and improved 
quantitative measurements on constant, single-valued work 
function areas under uniform fields are under way to in- 
vestigate the empirical dependence of field emission on 
the cubed power of work function.! Theory predicts a 
3-power law. 


1E. W. Miiller, Zeits. f. Physik 108, 668 (1938). 
2M. H. Nichols, Phys. Rev. 57, 297 (1940). 


126. Additional Experimental Evidence of a Periodic 
Deviation from the “Schottky Line.” W. B. Norttinc- 
HAM, The Massachusetts Institute of Technology.—Seifert 
and Phipps,' and Turnbull and Phipps* have shown that 
the thermionic emission from a heated filament does not 
increase linearly with the square root of the electric in- 
tensity at the surface of the emitter as has been thought to 
be the case. For high fields deviations from the “Schottky 
Line” of the order of one percent may be observed with 
certainty, if the technique of measurement is so refined that 
the measurements are made to an accuracy of 0.1 percent. 
A polished wire, heat treated to grow very large tungsten 
crystals, has been studied for the temperature range 1327°K 
to 1790°K, with the result that the maxima and minima 
observed by Seifert et al., between fields of 40 kv per cm 
and 250 kv per cm, have been verified. The deviations at 
low fields are perhaps more easily observed with fine grain 
filaments of the kind used by Seifert. 


1R. L. E. Seifert and T. E. Phipps, Phys. Rev. -. 652 (1939). 
2D. Turnbull and Phipps, Phys. Rev. 56, 663 (1939). 


127. Temperature Effects on the Secondary Emission 
from Pure Metals. D. E. WootprinGe, Bell Telephone 
Laboratories—Measurements have been made with a 
relative precision of 0.1 percent on the temperature de- 
pendence of a secondary emission coefficient of several pure 
metal surfaces. In the cases of iron and cobalt, the crystal 
structure transformation is accompanied by an abrupt 
change of about 1 percent in the secondary emission. For 
nickel, the effect of the magnetic transformation does not 
alter the secondary emission by as much as 0.3 percent. 
In the absence of crystal structure or magnetic changes, 
the temperature coefficient of secondary emission is less 
than the coefficient of linear expansion of the metal. 


128. Exchange Energy of Electrons in Metals. Conyers 
HERRING, Princeton University, AND A. G. HILL, Massa- 
chusetts Institute of Technology.—The exchange energy of 
the valence electrons in a metal plays an important part 
in the theoretical calculation of many properties (binding 
energy, work function, paramagnetism, etc.). It has been 
customary to assume that this exchange energy has the 
same value as for a free electron gas of a density equal to 
that of the electrons in the metal. An investigation of the 
accuracy of this assumption yields the result that for low 
electron densities the exchange energy per electron can 
be expanded into a series in powers of the radius of the 
Fermi distribution in momentum space. The leading term 





1080 AMERICAN PHYSICAL SOCIETY 


is the free electron value; the next term can be easily calcy- 
lated from the wave functions which occur in Bardeen’s 
method! of calculating the Fermi energy. This correction 
term is small for the alkali metals, but is quite appreciable 
for beryllium. Unfortunately, beryllium is divalent, and 
since for a divalent metal the power series fails to converge, 
the correction so calculated cannot be trusted. The be. 
havior of the exchange energy for high electron densities 
can be calculated, however, and from this certain qualita. 
tive conclusions can be drawn. 
1J. Bardeen, J. Chem. Phys. 6, 367 (1938). 


129. Rectilinear Electron Flow in Beams. J. R. Pierce, 
Bell Telephone Laboratories.—Electrodes have been devised 
by means of which rectilinear electron flow according to 
well-known space charge equations can be realized jn 
beams surrounded by charge free space. These electrodes 
have been used in designing electron guns having desirable 
characteristics. 


130. On the Resonant Frequency of a Type of Klystron 
Resonator. E. H. Smitn, Massachusetts Institute of Tech- 
nology. (Introduced by Philip M. Morse.)—Calculations of 
the resonant frequency and corresponding field have been 
made for one of the common types of Klystron resonators 
for different values of the relative dimensions. Since the 
shape of the resonator is such that no exact solution is 
possible, an approximation method must be used. Thus, a 
polynomial passing through sixteen adjustable points is 
used to approximate the field, and the best fit is obtained 
from the Ritz variation principle by a successive approxi- 
mation method. The calculated frequencies agree with 
those measured by Barrow and Mieher* to within 3 percent 
for usable gap widths, with somewhat poorer results for 
large gaps. Probably the most useful results are the calcu- 
lated field values, as these are difficult to measure experi- 
mentally and useful in resonator design. We may expect 
the field to have accuracy of the same order as the fre- 
quency. 

* W. L. Barrow and W. W. Mieher, paper to appear in Proc. I.R.E. 


131. Calculation of Driving-Point Impedance in Electro- 
magnetic Field Problems. J. A. STRATTON AND L. J. Cru, 
Massachusetts Institute of Technology.—The Rayleigh- 
Sommerfeld theory of propagation along an infinite straight 
wire is a solution of a homogeneous system of Maxwell 
equations, and expresses the allowed free modes of oscilla- 
tion. It gives no clue to the relation between the amplitude 
of steady-state modes and the applied electromotive force. 
The present paper discusses certain solutions of inhomo- 
geneous field equations corresponding to arbitrary dis- 
tributions of impressed e.m.f. In the case of the infinite 
wire it is shown that the complementary waves as well as 
the principal wave are excited with amplitudes determined 
by the nature of the source. If the conductivity is high the 
complementary waves are rapidly attenuated and the 
propagation approaches that found by Sommerfeld. When 
the e.m.f. is applied in the neighborhood of a point, the 
driving-point impedance has a definite value. It becomes 
infinite as the conductivity approaches infinity. The same 
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method is applied to an elongated, prolate spheroid with a 
concentrated e.m.f. of arbitrary frequency impressed at 
the center. This is the problem of the forced, steady state 
oscillations of a linear antenna. The results give radiation 
resistance and reactance as a function of frequency and 
eccentricity and the relative amplitudes of the modes ex- 
cited by a specified e.m.f. 


132. Electrolytic “Polishing” of Tungsten. L. E. PeTer- 
son, P. A. GUARINO AND E. A. Coomes, University of Notre 
Dame.—The electrolytic polishing of tungsten as previously 
described! has been studied further, mainly to understand 
the physical processes involved. Experiments were carried 
out on 50-mil rod to study (1) steady state and (2) tran- 
sient phenomena, which seem to govern, respectively, the 
final plateau and the initial rise of the current versus 
voltage curve. The previous experiments were again per- 
formed, except in the present case the solution (0.025 
normal NaOH) was swept with nitrogen in the region near 
the anode. The characteristic current versus voltage curve 
in this case exhibited no sharp maximum and the plateau 
value was much higher than without nitrogen. Again 
polishing took place on the plateau, but no etching could 
be observed following the polishing action. A good polish 
was obtained on a’50-mil tungsten rod at a current density 
of 50 ma per square centimeter in 25 minutes. To study 
transient phenomena, plots of instantaneous current versus 
instantaneous voltage were taken over a range of fre- 
quencies from 1/240 to } cycle per second, using a 0.5 
normal solution. In every case, as the voltage increased, the 
current rose to a sharp peak and then fell to the plateau 
value; for descending voltages, no peak value was observed 
in the current, thus giving a “hysteresis” loop. The value 
of the peak reached by the current varied with frequency, 
the maximum of the ratio of peak to plateau current occur- 
ring at 1/40 c.p.s. with a value of approximately 2. For 
1/240 c.p.s. the ratio was 1.5, while at 4 c.p.s. the ratio 
was 1.2. All of the phenomena observed may be related 
to the fundamental effects already reported.? 


1J. M. Hughes and E. A. Coomes, Phys. Rev. 55, 1138 (1939). 
:W. C. Elmore, J. App. Phys. 10, 724 (1939). 


133. A High Frequency Square Wave Generator. Wm. 
E. PARKINS AND LLoyp P. Situ, Cornell University.—In 
connection with a project on the separation of isotopes by 
electrical means a circuit for generating square waves at 
high frequencies has been developed. This circuit may have 
general application where square wave voltages of a few 
megacycles frequency are required across small capaci- 
tances. (To exemplify the possibilities, for the project 
mentioned a one-megacycle square voltage wave of 35 
volts amplitude and 2 percent ripple was obtained across 
35 mmf with 4 percent of the cycle necessary for one 70-volt 
change.) The method involves driving two or more suc- 
cessive stages through cut-off, a sine wave voltage of the 
desired frequency being impressed on the grid of the first 
stage. Up to a certain point additional stages improve the 
voltage transition time; the above example was obtained 
with four stages each using a 30-watt tube. Because of 
their moderately low interelectrode capacitances, high 
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transconductance and high plate current capabilities, 
transmitting beam power tetrodes have been found very 
adaptable to this circuit. To insure maximum rate of 
change of voltage and minimum ripple, a small inductance 
of the correct value for critical damping must be inserted 
in the plate circuit of each stage. 


134. Anomalous Scattering of 6.7-Mev Protons by Al. 
G. Kuerti AND T. R. WILKiIns, University of Rochester.— 
The scattering camera reported earlier' has been used to 
study the scattering of 6.7-Mev protons by Al. The follow- 
ing improvements have been made. To control exposures a 
current integrator attached to an ionization chamber 
registers the beam after passing through the camera. To 
prevent the beam from entering the camera during field 
fluctuations, two 1-mm wide slits 16 cm apart were inserted 
between the cyclotron and the camera. These contribute 
also to the uniformity of the beam. Stopping foils inserted 
between the scattering foil and the plates reduce the ranges 
to lengths suitable for registration in the plates (4.7 Mev). 
The scattering foil (2.2 cm air equiv.) was placed at 45° to 
the beam allowing simultaneous exposure of 34 plates 
distributed over the upper forward and lower backward 
quadrants. Relative exposures varied from 1 to 57, being 
constant (57) over the backward quadrant. Deviations 
from Rutherford’s formula begin to occur at 35°. ¢anom 
varies from roughly 15X10-* cm? at 35° through a mini- 
mum (3.4) at 105° to 11 at 170°. canom/@class = 0.24 at 35°. 
The peak energy of the scattered protons is constant at all 
angles except for the shift due to recoil. The closest ap- 
proach calculated from the angle at which Rutherford’s 
law still holds for these 6.7-Mev protons is 6.8 X 10-" cm, 
in agreement with the results known from scattering of 
a-particles by Al. 

1T. R. Wilkins and G. Kuerti, Phys. Rev. 55, 1134 (1939). 


135. High-Energy Secondaries Produced by Million 
Volt Electrons in Nitrogen Gas. GeorGE A. HORNBECK AND 
E. Int Howe tt, University of North Carolina. (Introduced 
by A. E. Ruark.)—Existing data on the production of 
energetic secondaries by fast electrons are scanty. Williams 
and Terroux' observed 69 secondaries in oxygen with 
energy greater than 7500 volts, in 18 meters of track; their 
primaries had energies in the range 0.13 to 1.6 Mev. We 
have studied 35 meters of track in nitrogen, using photo- 
graphs kindly put at our disposal by Dr. C. C. Jones. The 
incident electrons are mostly recoils produced at the walls 
of the chamber by gamma-rays from a sealed mesothorium 
source. The tracks are measured stereoscopically, due 
account being taken of momentum parallel to the magnetic 
field. Secondary electrons with energies greater than 12,000 











TAaBLe I. 
E (Mev) METERS OF TRACK n 
0.67-0.99 8.5 12 
1.00-—1.32 5.4 16 
1.33-1.65 4.1 
1.66-1.98 6.4 
1,99-2.31 7.8 
2.32-2.64 2.3 




















“2S Ss 


“ | 
Se ae ea 


spay 


idly. 


SS ais 





— 












































volts (range >3 mm) can be recognized unambiguously. 
The data are in Table I, E being the primary energy and n 
the number of secondaries with energy of 12,000 volts or 
more. 

The work is being continued; comparison of observed 
cross section with theory will be made at the time of the 
meeting when a larger body of data will be reported. 


1 Proc. Roy. Soc. A126, 289 (1929-30). 


136. The Determination of a Nuclear Energy Level from 
the Energy Spectrum of Scattered Particles. T. R. Wit- 
KINS AND G. KuERTI, University of Rochester.—The scatter- 
ing camera, developed by the authors, has been used to 
study the energy spectrum of a beam of protons (6.7 Mev) 
after being scattered by a foil of Al (2.2 cm air-equivalent). 
The range distribution of the tracks in the photographic 
plates shows a single peak at small angles but with in- 
creasing angle a second peak appears. The separation of 
these peaks corresponds to a reduction in the energy of 
the peak of the beam which for the protons used was 
about 0.9 Mev. This is in agreement with the energy of 
the gamma-ray of excited Al reported by Richardson' and 
also with the differences of the energies of the protons 
ejected in the a—p reaction on Mg reported by Duncanson 
and Miller? and by Haxel.* 


1J. R. Richardson, Phys. Rev. 53, 127 (1938). 
2 W. E. Duncanson and H. Miller, Proc. Roy. Soc. 146, 396 (1934). 
30. Haxel, Physik. Zeits. 36, 804 (1935). 


137. Mass and Beta-Ray Energies of Ne®. WiLL1AM W. 
WATSON AND ERNEST POLLARD, Yale University—Under 
bombardment by 2.7-Mev deuterons we find strong activity 
which decays with a half-life of 45+5 seconds and so is 
due to Ne*. We have observed the absorption curve for 
the beta-rays from this element and find the upper limit 
to be 4.1+0.3 Mev. A Fermi plot of the data shows that 
they are fitted best by twa straight lines which indicates a 
second group whose upper limit is 2.60.4 Mev. This is 
presumably due to decay to an excited state of Ne*, 1.5 
Mev above the ground state. We have established the 
presence of gamma-rays. The maximum energy given leads 
to a mass of 23.0005 +0.0006 for Ne**. This indicates that 
the maximum energy of the protons in the reaction 
Ne*(dp)Ne* should be 6.5 Mev, giving a range of 51.9 cm 
at right angles to the deuteron beam. This group is masked 
by a group due to Ne*°(dp) Ne” but there is some evidence 
for its presence when neon enriched in Ne™ is bombarded. 
There is definite evidence for a group of protons from 
Ne*(dp)Ne* of energy change 0.9 Mev corresponding to 
an excited state of Ne 5.6 Mev above ground. 


138. Experimental Values of the Matrix Element in 
Fermi’s Theory of 8-Decay. Ros_ey D. Evans, Massachu- 
setts Institute of Technology—Fermi’s theory! of 8-decay 
affords a means of computing the radioactive decay con- 
stant A in terms of the maximum energy of the 6-spectrum 
En, the atomic number Z (taken negative for positron 
emitters), the nuclear radius p, a universal constant or 
group of constants g, the theoretical shape of the 8-ray 
spectrum for allowed transitions, and the squared matrix 
element |G|* which roughly describes the amount of over- 
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lap between the proton and neutron wave functions in the 
nucleus. By graphical integration for a series of values of 
Z and E,, families of curves are obtained which describe 
the theoretical shape of the 8-ray spectra, and the inte. 
grated transition probability 4, the latter being propor. 
tional to the unknown matrix element |G|*. These join 
smoothly with Grénblom’s? analytically derived values for 
Z=0, and with Fermi’s' values for Z=82.2 and M@ller’ss 
values for Z=—82.2 (positrons). Comparison with 69 
experimental values‘ of A, En, and Z allows evaluation of 
the apparent matrix elements as a function of Z. These 
show a general and marked decrease with increasing Z, 
so that even the most probable transitions among the heavy 
elements have apparent matrix elements which are less 
than one percent of those found for the lightest elements, 
This probably indicates that the matrix elements are not 
of the order of unity for heavy elements, as is often as. 
sumed. 


1 Fermi, Zeits. f. Physik 88, 161 (1934). 

2? Grénblom, Phys. Rev. 56, 508 (1939). 

3 Mller, Phys. Rev. 51, 84 (1937). 

4 Livingood and Seaborg, Rev. Mod. Phys. 12, 30 (1940). 


139. The Energy Distribution of the Beta-Rays in 
Forbidden Transitions. E. J. Konopinski, Indiana Uni- 
versity, AND G. E. UHLENBECK, University of Michigan. ~ 
The success of Fermi’s theory, as originally given, in 
explaining the form of the beta-ray energy distribution for 
an “allowed” transition and the fact that the best measured 
distributions are practically all in the “forbidden” class 
suggests investigation of the consequences of the theory 
for the forbidden spectra. This has been done for the lightest 
nuclei (Z ~0), after making certain assumptions relating 
transitions analogous to quadrupole and magnetic dipole, 
not only with Fermi’s original interaction but also with the 
so-called K-U modification of his law. The latter leads to 
much larger deviations from the “allowed”’ distribution 
than are compatible with the experimental results. On 
the other hand, Fermi’s original law leads to a small 
deviation in the correct direction. The deviation is too 
small to account for the well-measured spectrum of P® 
but that may easily be due to the neglect of the Coulomb 
field. The correction arising from this factor still awaits 
numerical evaluation but it is already apparent that the 
Coulomb influence is considerable for much lighter nuclei 
than was the case for the allowed transitions. The conse- 
quences of using other laws of interaction than those 
mentioned above will also be discussed. 


140. The Shape of “Allowed” Beta-Ray Spectra. J. L. 
Lawson, University of Mighican.—The experimental de- 
termination of the shapes of beta-ray spectra has been 
accomplished with accuracy only for transitions of the 
“forbidden” type. This is because the half-life must be 
long in order to make accurate observations, and the 
energy must be high to eliminate instrumental errors. 
However the observed distributions have been compared 
with those predicted from theories which were developed 
for “allowed” transitions, and therefore such comparisons 
do not constitute a check for the validity of these theories. 
It is now shown that the artificially produced radioactive 
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indium isotope of mass 114 decays, by an internally con- 
yerted gamma-ray of energy 0.19 Mev and half-life 50 
days, to a level in indium, which subsequently decays by an 
allowed beta-emission of maximum energy 1.99 Mev and 
half-life 72 sec. to stable tin. It is thus possible to determine 
the energy distribution of particles for this allowed beta- 
transition accurately with the magnetic spectrometer, 
since the beta-rays are quite energetic and of long duration, 
i.e, in equilibrium with the 50-day gamma-ray. The ex- 
perimental results indicate essential agreement with the 
shape predicted from the Fermi theory. 


141. The Preparation of Absolute 8-Ray Standards. 
Joun W. IRVINE, JR., AND Rositey D. Evans, Massa- 
chusetts Institute of Technology.—Electrolytic deposits of 
lead dioxide containing known quantities of RaD have been 
prepared. The sources are deposited on thin platinum 
foil and the weight of lead obtained directly. These deposits 
contain approximately 0.5 mg Pb/cm’, and are stable and 
coherent. After equilibrium has been established, they 
serve as standard sources of RaE #-rays (E max.=1.17 
Mev). The lead was obtained from analyzed uranium 
minerals.“ From uranium content, lead-uranium ratio and 
the decay constant of UI, the specific activity of the lead 
at the time of separation from two different minerals has 
been calculated as 8.04 X 108 and 3.59 X 108 8/min./mg Pb. 
For sources with activities lower than several thousand 
counts per minute, it is necessary to dilute with inactive 
lead before the electrolysis. 


1 Baxter and Alter, J. Am. Chem. Soc. 55, 2785 (1933). 
2 Nier, Phys. Rev. 55, 153 (1939), 


142. Distribution in Angle of Alpha-Particles from 
Li’+H'. V. J. Youne, G. J. Prain, W. B. McLean, A. 
ELLETT, State University of Iowa.—We find the distribution 
of alpha-particles from Li?’+H! is not spherically sym- 
metric, a result in disagreement with the conclusions of 
earlier investigators, who, however, worked only at rather 
low energies. Thick target data at energies as low as 150 
ekv show the presence of a small cos* @ term and may be 
represented by 


I(@) =1+.16 cos? @, 


while at 440 ekv the asymmetry is very marked, the data 
being well represented by 


(6) =1+.7 cos? 6. 


Because of the rapid increase of yield with energy, it is to 
be expected that thin target data will show a slightly but 
only slightly greater cos* @ term. Preliminary thin target 
data appear to bear this out. 

'1F. Kirchner, Physik. Zeits. 34, 785 (1933). J. Giarratana and C. G. 


Brennecke, Phys. Rev. 49, 35 (1936). H. Neuert, Ann. d. Physik 36, 
437 (1939). 


143. Distribution in Angle of Alpha-Particles from 
F*+H'. A. Ettett, W. B. McLean, V. J. Youns, G. J. 
PLAIN, State University of Iowa.—The distribution in angle 
of long range alpha-particles from fluorine bombarded by 
protons has been studied in the range 270-440 ekv. The 
distribution shows a very strong concentration in the 








forward direction. Intensity as a function of angle in the 
center of mass system may be represented by the equation 


I(@) =1+.77 cos 6+.17 cos* 6 


for a bombarding energy of 375 ekv. The distribution shows 
little if any energy dependence and in particular is not 
observably different at 330 ekv bombarding energy. 
Targets were prepared by electrolyzing hydrogen fluoride 
on tantalum and were fairly thin, the apparent half width 
of the 330 ekv gamma-ray line being 40 ekv or less. 


144. The Resonance in the B-P-a Reaction. W. B. 
McLean, V. J. Younc, W. L. Wuitson, G. J. PLAIN, AND 
A. E..ett, State University of Iowa.—The yield of alpha- 
particles of range greater than 2 cm from boron bombarded 
by protons has been studied as a function of bombarding 
energy in the range from 100 to 200 ekv, using a thin 
target, either methyl borate or boron trifluoride at pressures 
of 1 mm of Hg. The yield vs. energy curve shows an ap- 
proximately exponential rise on which is superposed a 
sharp (half breadth ~6 ekv) intense line at 160+5 ekv. 
There is some indication of a weaker and much broader 
line at 190 ekv. Number range curves are not yet available, 
but the appearance of pulses on the oscillograph screen 
leads us to suppose that the high yield (line) at 160 ekv is 
due to emission of a homogeneous long range group. 


145. Experiments with Radioactive Recoil Atoms. 
Henry W. Newson AND Ly te B. Borst, University of 
Chicago. (Introduced by S. K. Allison.)—The angular dis- 
tribution of the recoil atoms was measured (with 8-Mev 
deuterons) for the reactions C d-n N™ and As"* d-p As’*. 
The N® reaction showed a sharp maximum at 35° and an 
equally sharp cut-off at 45°. Calculating’ Q for these angles 
we find that most of the neutrons have energies between 
5 and 7 Mev, and that Q0 for the highest energy neu- 
trons. As’* showed a maximum at 25° and an apparent 
cut off at 50°. Here we find the majority of the protons 
near 4 Mev and considerable numbers up to 9 Mev; 
the apparent Q=2 Mev, but weak groups of higher energy 
protons may have been missed. The distributions of Cu™ 
and Au'®* (prepared by the d-p reaction) were compared 
under very poor geometrical conditions. The activity of 
Au™ was relatively greater than that of Cu™ at the larger 
angles. Both distributions indicated appreciable numbers of 
protons with energies above 10 Mev, and relatively more 
of them from the gold than from the copper. 


1 Newson, Phys. Rev. 48, 79 (1935); Livingston and Bethe, Rev. 
Mod. Phys. 9, 281 (1937). 


146. Ring Method for Measuring Torsion Elastic 
Modulus. ALLEN KING, Rensselaer Polytechnic Institute — 
The ring method! used for measuring Young’s modulus may 
be adapted for the measurement of torsion moduli. The 
magnetic field is applied at the same point as before but, in 
this case, in the plane of the loop. If m is the mass per unit 
length of wire, a is the radius of the loop, c is the radius of 
the wire, E is Young’s modulus for the specimen, and f is 
the resonance frequency, then the torsion modulus u is 
given by the relation 
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u=E¢(B), 
in which ¢(B) is a function of B only where 
1/B = (2xmf*/E)(a/c)*(1+h) 


and h is a gap correction term. 
1 Phys. Rev. 56, 216 (1939); Rev. Sci. Inst. 11, 114 (1940). 


147. Scattering of Potassium Ions from Argon. R. N. 
VARNEY AND G. E. M. Jauncey, Washington University.— 
Experimental data have been obtained by Rouse! on the 
angular distribution of scattered K* ions of 90-, 180-, 270-, 
and 360-volt energies in Ne, A, Kr, Xe, and Hg. We have 
attempted to analyze these results to see whether they 
could be predicted by assuming simple inverse nth power 
scattering acting according to classical Newtonian laws. 
In the case of K+ in A, an assumed inverse 5th power 
attractive force with a small solid sphere at the center, 
i.e., inverse infinite power repulsion, gave satisfactory 
agreement with experiment. The experimental results for 
Kr, Xe, and Hg show an increased scattering at large 
angles which cannot be accounted for by any simple 
central force law. However, in the case of these larger 
atoms, the polarizing force of the incoming K* ion doubtless 
distorts the electron shell to such an extent that a highly 
unsymmetrical structure is responsible for the observed 
scattering. Experiments on simpler gases, e.g., Lit in Ne 
or He, should provide interesting checks. 


1A. G. Rouse, Phys. Rev. 52, 1238 (1937). 


148. Effects of Very High Pressures. RopeERT ByRON 
Jacoss,* Massachusetts Institute of Technology.—Quite 
recently Bridgman! has reported an experiment involving 
a pressure well over 100,000 kg/cm?. Sodium chloride was 
studied, and no transition was observed, although one might 
easily have expected a transition of the type which both 
rubidium and potassium chloride are known to possess 
(that is, face-centered to body-centered structure). In 
1938, on the basis of free energy calculations, the author*® 
pointed out that in the case of Nal, no transition from the 
face-centered to the body-centered structure could be 
expected at any pressure. By analogy with the behavior of 
the other halide groups, it could be argued that a transition 
in NaCl would be even less probable than one in Nal. In 
view of the new experimental evidence, and of the likeli- 
hood of a general extension of the pressure range in further 
experiments, some new calculations have been made. 
For NaCl it is shown that the face-centered lattice remains 
thermodynamically more stable than the body-centered 
lattice as the pressure is increased indefinitely. Values for 
the total compressions to be expected are also given. 

* Lalor Fellow in Physical Chemistry. 


1P. W. Bridgman, Phys. Rev. 57 (Mar. 15, 1940). 
2 R. B. Jacobs, Phys. Rev. 54, 468 (1938). 


149. Longitudinal Vibrations of Ionic Crystals. R. H. 
LyDDANE, University of North Carolina, R. G. SACHS AND 
E. TELLER, The George Washington University.—For 
optically active, long wave-length vibrations in crystals 
there exists a difference between the longitudinal and trans- 
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verse frequencies.'? In the case in which there is only one 
infra-red active frequency and the lattice has cubic sym. 
metry this difference is due to the fact that the coulomb 
interaction of the ions is not the same for the two vibra. 
tions. The difference in coulomb interaction depends on the 
distortion of the electronic clouds of the ions caused by 
ionic polarizability and by the influence of near neighbors, 
The polarizability of the ions may be expressed in terms of 
the dielectric constant, k’, extrapolated from high (visible) 
frequencies. The influence of the near neighbors may be 
taken into account by introducing an effective ionic charge, 
e*, in the following way: The ion is surrounded by a sphere 
of radius small compared to the wave-length of the vibra- 
tion in question, and large compared to the lattice distance, 
Then the change of dipole moment caused in this sphere 
by a displacement, d, of the ion is defined as equal to e*d, 
If e* is expressed in terms of k, the actual dielectric con- 
stant, w:, the transverse frequency, and k’, one finds for 
the relation between the longitudinal frequency, w, and w, 


w1/ws= (k/R’)*. 


1R. H. Lyddane and K. F. Herzfeld, Phys. Rev. 54, 846 (1938). 
2 R. J. Seeger and E. Teller, Phys. Rev. 56, 352 (1939). 


150. Electric Breakdown of Alkali Halides. R. J. SeEcrr 
AND E, TELLER, The George Washington University.—A 
formula! derived for the electric breakdown of alkali halides 
has to be modified in that the so-called “reststrah!” fre- 
quency, which is a transverse vibration of the lattice ions, 
has to be replaced by a similar frequency of a longitudinal 
vibration. These two frequencies differ on account of the 
long-range effect of the ionic charges accumulated at the 
nodes of the longitudinal vibration.? The effect of the 
modification is that the previous formula must be multiplied 
by the square root of the dielectric constant and divided 
by the index of refraction for visible light. A direct com- 
parison of the final result with experiment is impossible 
since the unknown “effective mass”’ of the electron in the 
lattice appears in the formula. If this effective mass, how- 
ever, is calculated from the measured values of the break- 
down fields, magnitudes obtained from the new formula 
are more closely that of a free electron. 


R. J. Seeger and E. Teller, Phys. Rev. 54, 519 (1938). 
2h J. Seeger and E. Teller, Phys. Rev. 56, 353 (1939). 


151. Temperature Dependence of Young’s Modulus for 
Single Crystals of Beta-Brass. JoHN S. RINEHART, Slate 
University of Iowa. (Introduced by E. P. T. Tyndall.)—The 
Young’s modulus of five single crystals of brass in the beta- 
phase have been measured as a function of temperature 
from 25°C to 505°C for the purpose of studying the order- 
disorder phenomenon. The method of the composite 
piezoelectric oscillator described in detail by Balamuth, 
Rose, and others was used.'? From linear plots of 1/E 
against the orientation function, values of the reciprocal of 
Young’s modulus were obtained for the [100] and [111] 
directions as a function of temperature. The elastic con- 
stant, si, was found to change very little up to about 
225°C, then increase with constantly increasing rapidity 
from about 3.9X10-* to 5.1X10-" at the critical tem- 
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perature (T-=468°C). From 468°C to 505°C, si: increases 
about 0.5 percent. The results indicate that Young’s 
modulus is closely associated with the degree of disorder. 


1 Balamuth, Phys. Rev. 45, 715 (1934). 
2 Rose, Phys. Rev. 49, 50 (1936). 


152. Relaxation Effects in the Statistical Theory of 
Rubber Elasticity. EuGeNne Gutu, University of Notre 
Dame.—According to the statistical theory of rubber elas- 
ticity, two types of relaxation may occur: One is due to 
the possibility of the sliding of the rubber chain molecules 
over one another; i.e., to the intermolecular viscosity. 
This type of relaxation gives rise to plasticity. The second 
is due to hindrance to the free rotations in the molecules; 
j.e., to intramolecular viscosity, which is responsible for 
the speed of retraction of stretched rubber. This second 
effect may be treated quantitatively by means of a gen- 
eralized diffusion equation. The results yield for the 
model of rubber used a statistical interpretation of Max- 
well’s relation for a body with a finite time of relaxation. 


153. An X-Ray Study of Fatigue in Aluminum. RayMonp 
G. SPENCER AND J. WALLACE MARSHALL, Albion College.— 
Carefully prepared specimens of 17S-T aluminum alloy 
have been fatigued. X-ray diffraction patterns were taken 
as fatiguing progressed. These patterns show that dis- 
tortion of crystallites precedes failure of the specimens. 
When a specimen is fatigued at a very high stress, deforma- 
tion of the crystallites starts immediately after fatiguing 
starts and increases until failure of the specimen occurs; 
when a specimen is fatigued at a relatively low stress, very 
slight or no deformation occurs until it nears failure, at 
which time distortion starts and progresses very rapidly. 
The mechanism and results of distortion must be quite dif- 
ferent for high stresses from those for low stresses. The re- 
sults indicate that when a specimen is fatigued at a few thou- 
sand p.s.i. above its endurance limit, the incidence of lattice 
distortion indicates that the specimen is rapidly approach- 
ing failure. One can conclude from this that no detectable 
lattice distortion should occur when a specimen is fatigued 
below its endurance limit. Every specimen that we have 
run which exhibited lattice distortion has failed. These 
results do not agree with Barrett’s' conclusions. 

1 Charles S. Barrett, Metals and Alloys 8, 13 (1937). 


154. The Structure of the X-Ray K£:,; Lines of Cu and 
Zn in Brasses. H. FRIEDMAN AND J. A. BEARDEN, Johns 
Hopkins University —The pure metals Cu and Zn, pre- 
viously measured,' exhibited K@2,5 structures consistent 
with theories of their electronic bands.* In the present work 
on brasses, the structure of the Kf2,5 doublets of Cu and 
Zn has been studied with a double crystal spectrometer, 
the measurements covering a series of four alpha-brasses, 
5 percent, 10 percent, 20 percent, and 30 percent Zn, a 
beta-brass and a gamma-brass. The Zn Kf: emission, with 
increasing copper content, decreases in intensity on the 
high frequency side, while the low energy portion becomes 
relatively more intense as in pure Cu. In each alloy, both 
the Cu Kf2,5 and Zn K®; have identical shapes and almost 
the same widths, indicating a very thorough mixing of the 








Zn 4s electrons with the copper 4s and 3d. The Zn K&, is 
present in every alloy, and sharpens up as it decreases in 
intensity with decreasing Zn. This indicates that in pure 
Zn and the brasses, the 3d band of Zn lies sufficiently lower 
than the 4s band, so that while, in the alloys, the conduc- 
tion electrons in Zn 4s and Cu 4s plus 3d bands are shared 
almost completely, the Zn 3d electronic levels do not mix 
appreciably with Cu 3d and are broadened mainly by 
interaction between Zn atoms alone. 


1J. A. Bearden and C. H. Shaw, Phys. Rev. 48, 18 (1935). 
2 W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939). 


155. The L X-Ray Transitions Involving the Conduction 
Bands of W and Pt. T. M. Snyper Anp J. A. BEARDEN, 
Johns Hopkins University.—A double crystal spectrometer 
was used to study the structures of the L absorption edges 
of W, WO; and Pt; and the related L emission lines of W 
and W,0;. These emission and absorption transitions in- 
volve, respectively, the filled and unfilled portions of the 
conduction bands of these solids. The spectra of metallic 
tungsten were compared with the density of conduction 
electron states as a function of their energy as calculated 
by Manning and Chodorow.’ Although good agreement 
between the shape of the density of states curve and the 
observed structure of absorption edges was obtained, the 
emission lines did not show the expected structure. The 
WO; edges are shifted toward short wave-lengths with 
respect to those of W metal, and the large absorption 
maximum corresponding to transitions into the 5d band is 
broadened. The Lyry and Lyz1 edges of platinum were 
similar. The structure features appearing on the high 
frequency side of these edges correspond in their displace- 
ment from the edge, but not in relative magnitudes. In all 
cases the Ly edges showed entirely different structures 
from the Liz and Lyy1 edges due to the action of the 
l-selection rule. 

1 Manning and Chodorow, Phys. Rev. 56, 787 (1939). 


156. The K Absorption Edges and Kf: Emission 
Lines of Two Zinc- Nickel Alloys. W. W. BEEMAN ANp J. A. 
BEARDEN, The Johns Hopkins University—Measurements 
were made with a double crystal spectrometer on two 
Zn-Ni alloys containing 30 percent and 17 percent Zn, 
respectively. These alloys have a face-centered cubic lat- 
tice as does pure Ni. The Ni line is broadened by the addi- 
tion of the Zn 4s electrons to the 3d and conduction bands, 
but not as much as by the addition of an equal number of 
Cu electrons in a Cu-Ni alloy. The Zn electrons are prob- 
ably not as completely shared as those of Cu because of 
the higher nuclear charge of the former. The main peak of 
the Zn line is split in the 30 percent Zn alloy, and in both 
alloys there is structure on the low frequency side of the 
Zn line due to emission from the but slightly mixed 3d 
electrons of Zn. This structure has also been found in the 
brasses. The absorption edges show only small changes 
from those of the pure metals. 


157. Electron Scattering in Bromine. C. H. SHaw Anp 
T. M. Snyper, Johns Hopkins University.—Electron 
scattering phases previously calculated in conjunction 



















































with work on the fine structure of the K x-ray absorption 
edge of bromine! were used to calculate the angular de- 
pendence of electron scattering in bromine gas. The phase 
shifts obtained disagree considerably with those of Arnot 
and McLauchlan,* being in general much greater for the 
larger values of angular momentum of the scattered elec- 
tron. The angular dependence of scattering was calculated 
for electron energies of 15 and 40 volts. The agreement of 
the calculated curves with the experimental results of 
Arnot is shown. 


1 Snyder and Shaw, Phys. Rev. in press. 
2? Arnot and McLauchlan, Proc. Roy. Soc. 146, 662 (1934). 


158. Energy of Protons from Phosphorus, Chlorine, 
and Potassium under Deuteron Bombardment. ERNEsT 
POLLARD, Yale U*iversity—Bombardment of thick layers 
of POs, AgCl, and KOH by 3.3-Mev deuterons gives 
considerable yields of protons due to (dp) reactions. In 
each case the protons are in groups which are badly re- 
solved in the case of phosphorus but definite for the other 
two elements. The ranges of the various groups correspond 
to the energy change values given in the table. There is 











ELEMENT PROTON RANGE (CM) Q VALUE (MEV) 
psi 90.3 5.94.3 
CB.37 104.5 65 * 

60.0 40 “ 
36.9 — 
K39.41 85.3  * Be 
67.4 a5” 
51.5 34” 








some uncertainty as to the assignment of the lower Q values 
in chlorine and potassium but it is certain, on energetic 
grounds, that the greatest Q values correspond to Cl* dp Cl** 
and K** dp K* from which the masses of Cl** and K* 
can be deduced. The values are P® 31.9844+0.0005, Cl*# 
35.9795 +0.0006, and K** 38.9745 +0.0010. Since Grahame 
and Walke report the upper limit of the beta-ray from Cl** 
to be 0.7 Mev, the value 35.9787 +0.0007 for the mass of 
A**. can be derived. 


159. The Disintegration of C“, C and O" by Deuterons. 
M. G. HoLLtoway AnD B. L. Moore, Cornell University. 
(Introduced by R. F. Bacher.)\—Carbon dioxide containing 
a high concentration of C has been bombarded with 
1.02-Mev deuterons. The range of the emitted particles 
was measured by means of a pressure cell which is integral 
with an ionization chamber connected to a linear pulse 
amplifier. The reaction H*(d,p)H* was used to determine 
the energy of the deuteron beam. For this purpose the 
disintegration energy was taken to be 3.98 Mev and the 
range measurement assumed to be correct. Three groups 
of protons previously observed by Cockcroft and Lewis! 
were measured : O!*(d,p)O"’, 5.75 cm and 10.96 cm (15°C, 
and 760 mm Hg); C(d,p)C™, 16.21 cm. In addition, a 
group of alphas of 2.86 cm range was found definitely to 
belong to a reaction involving C™, presumably C4(d,a)B", 
by comparison with ordinary CO;. The group of protons 
from the reaction C¥(d,p)C™ was not detected, although 
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a 64-cm group might be expected in view of Pollard’s work 
Lecause of the thin gas target and low bombarding energy 
such a group might escape detection. An upper limit of 
1.2X10-** cm? can be set for the cross section of the 
C3(d,p)C™ reaction with 1.02-Mev deuterons. 


1J. D. Cockcroft and W. B. Lewis, Proc. Roy. Soc. 154, 261 (1936) 
2 E. Pollard, Phys. Rev. 56, 1168 (1939). 3 


160. Emission of y-Rays from the Disintegration of 
Carbon by Deuterons. W. E. BENNETT AND T. W. Bonner, 
Rice Institute—Intense y-rays have been found to be 
emitted when carbon is bombarded with deuterons with 
energies over 900 kv. The excitation curve is not a smooth 
one, but shows resonances at 920, 1160, 1300 and 1430 ky, 
The first three of these resonances are broad with half. 
widths of from 50 to 100 kv, but the resonance at 1.43 Mey 
is sharp, having an experimental half-width of about 6 ky, 
The origin of the y-rays is not clear but it seems possible 
that they may arise from a simple capture of a deuteron by 
a carbon nucleus of mass 12. Another possibility is that 
they are connected with a short range group of protons 
from the reaction (C", H?; C’, H'). 


161. Production of F"* by Deuterons. WILLIAM L, 
Davipson, JR., Yale University—Yasaki and Watanabe! 
have found that deuteron bombardment of oxygen gives 
rise to a 120-min. activity which is attributed to F', 
They were undecided as to whether the responsible reaction 
was O!"(d,n) or O'*(d,y). To test this point thin layers of 
PbO (litharge) deposited on Al foils, of 1 cm air equivalent 
absorption, have been bombarded by 3.5-Mev deuterons 
by the stacked foil method. After bombardment and several 
hours aging the foils were found to possess a characteristic 
114-min. half-life, and rough absorption measurements 
gave an energy of 0.7 Mev for the particles emitted. Both 
these facts are in agreement with the properties of F", 
Evidence of y-radiation was also found but is possibly 
only annihilation radiation. An excitation curve was 
plotted for this activity. It showed only the smooth rise 
characteristic of other known deuteron-induced reactions, 
This is prime evidence for ascribing the activity to O'"(d,n), 
because a straight deuteron capture reaction would almost 
certainly exhibit resonance properties. Data from two 
separate runs, assuming the above reaction to be responsi- 
ble, yield a cross section ¢=7.7 X10~** cm? for 3.45-Mev 
deuterons and ¢=6.0X 10~** cm? for particles of 3.25-Mev 
energy. These values are further evidence favoring the 
above assignment since they are of the same order of 
magnitude as the cross section for the well-known O'*(dn) 
reaction. 

1 Yasaki and Watanabe, Nature 141, 787 (1938). 


162. Radioactive Hydrogen from the Transmutation 
of Beryllium by Deuterons. R. D. O'NEAL AND M. GoLp- 
HABER, University of Illinois.—In the course of an investi- 
gation of the f-rays emitted from an “aged” Be target, 
which had been previously bombarded with 1-Mev deu- 
terons, the maximum energy was found to be in good 
agreement with the value of 13+5 kev reported by Libby 
and Lee.! These 8-rays had been ascribed to Be"®. However, 
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in an attempt to identify chemically the radioactive isotope, 
we were unable to detect any activity in the beryllium 
precipitate. It appeared therefore plausible to ascribe the 
activity to H*, which emits 8-rays of similar maximum 
energy,2and which might have been formed by the reaction 


Be*®+ D*+Be®+H?. 


We tested this assumption by showing that a radioactive 
gas could be extracted from the Be target, either by heating 
the target or by dissolving it in sulphuric acid. Further 
tests excluded the possibility that an appreciable fraction 
of the H*-particles obtained had been formed by the dis- 
integration of D adsorbed on the surface of the Be target. 


1 Libby and Lee, Phys. Rev. 55, 245 (1939). 
2 Alvarez and Cornog, Phys. Rev. 57, 248A (1940). 


163. Excited State of Li’ from the Reaction Be*(d,a)Li’. 
L. S. SKAGGS AND E. R. Graves, University of Chicago.— 
Evidence for an excited state in Li’ in the neighborhood of 
0.5 Mev has been obtained from the reactions Li*(d,p)Li? 
and B'(n,a)Li’. We have investigated the reaction 
Be*(d,a)Li’ using a thin BeF; target and an intense beam 
of deuterons of small energy spread. Range measurements 
were made using a variable pressure air absorption cham- 
ber and a shallow ionization chamber and linear amplifier 
for counting the alpha-particles. It was possible to bias 
the counting circuit so that it counted only the large pulses 
produced by alpha-particles entering the ionization cham- 
ber near the end of their range. Using this arrangement, we 
found two groups of alpha-particles differing in range by 
3.1 mm. This difference indicates an excited state in Li’ 
at 494+16 kv (r.m.s. deviation of experimental points). 
The excited state was found to be formed more frequently 
than the ground state. The energy released in the reaction 
was found by comparing the range of the alpha-particles 
produced with the range of alpha-particles from Po. The 
result was 7.09 Mev for the production of the ground state, 
in good agreement with the result of 7.04+0.06 Mev pre- 
dicted by the reactions Be*(p,a)Li*, Li*(d,a2)He* and 
Li?(p,a) He*. 


164. Processes Induced in the Nuclei of Iodine and 
Bromine by High Energy Protons. W. H. Barkas,* E. C. 
Creutz, L. A. Detsasso AND R. A. Sutton, Princeton 
University—When iodine was bombarded by 6-Mev pro- 
tons a negative radioactivity with a half-life of 75+2 
seconds was observed. In the cloud chamber the electrons 
appeared to have a continuous distribution of energy 
extending up to about 350 kev. Chemical tests indicate 
that the activity is associated with a xenon isotope, the 
possible reactions being I"(p,n)Xe™’ and I"*"(p,y)Xe!*, 
The most probable process for the production of these 
electrons is that of internal conversion. Bromine, when 
bombarded by protons, yielded three radioactive periods, 
namely: a 13+1-second negatron activity, a 55+2-second 
negatron activity and a long (~34-hour) positron period. 
When examined in a cloud chamber the short periods, like 
that of iodine, appeared as continuous distributions up to 
300 kev. Only a doubtful resolution of the electrons belong- 
ing to the 13-second period from those corresponding to 
the 55-second period was obtained in experiments in which 





the bombardment time was varied or the observations 
delayed. Chemical tests indicate that the longer negatron 
period originates from a krypton isotope produced from 
bromine by a (p,”) or (p,7) reaction. As in the case of 
iodine the negative electrons may best be accounted for 
by supposing that gamma-rays are internally converted. 
The positron activity is found to be a continuous spectrum 
extending up to 0.5 Mev, probably associated with Kr’ or 
Kr®, 

* Member, The Institute for Advanced Study, Princeton, New Jersey. 


165. Artificially Radioactive Element 85. D. R. Corson, 
K. R. MACKENZIE AND E, SeGre, University of California. 
—Bismuth bombarded with 32-Mev a-particles becomes 
a-particle radioactive. Two ranges of a-particles are pres- 
ent, one of 6.5 cm and one of 4.5 cm (at 15°C and 760 mm 
mercury). Sixty percent of the total number of alphas are 
in the long range group and 40 percent in the short. These 
two a-particles are not genetically*related. There are also 
x-rays which show the absorption characteristics of polo- 
nium K x-rays. All these radiations separate chemically 
together as element 85, and all show the same half-life of 
7.5 hours. A probable explanation of these effects is the 
following: The radioactive isotope of element 85 which is 
produced in the primary process has a half-life of 7.5 hours 
and branches, going to a bismuth isotope by alpha-emission 
(4.5 cm) and going to a polonium isotope by K capture. 
This polonium isotope has a very short life and decays by 
alpha-emission (6.5 cm) to a stable lead isotope. The iden- 
tity of this range (6.5 cm) with that of actinium C’ strongly 
suggests that the primary product is 85™ formed by a 
(a,2n) reaction and that the polonium isotope is actinium 
C’. According to this scheme, the first branch leads to Bi*®’ 
which in turn should decay to Pb*’. As yet we have been 
unable to find this activity. 


166. Some Chemical Properties of Element 85. E. 
Secrk, K. R. MACKENzIg AND D. R. Corson, University 
of California.—The chemical identification of element 85 
is made on the basis of the following evidence: The activity 
can be easily separated from mercury, lead, thallium, bis- 
muth and polonium (80<Z<84) by various reactions. 
The possibility that the new substance be a fission product 
is ruled out by physical arguments as well as by chemical 
evidence. Among its chemical properties we mention: It 
is precipitated by hydrogen sulfide in six normal hydro- 
chloric acid solution with various carriers, and the sulfide is 
insoluble in ammonium sulfide; it is precipitated by stan- 
nous chloride in acid solution but not by sodium stannite in 
alkaline solution; it is volatile at comparatively low tem- 
peratures: a piece of bombarded bismuth loses most of the 
activity before melting (275°). The general behavior of 
element 85 is that of a metal, and in the usual scheme of 
analysis would go in the hydrogen sulfide group. It shows 
little resemblance to the other halogens. For example, in 
dilute nitric solution it does not precipitate with silver 
nitrate using iodide as a carrier. It can be distilled from 
dilute nitric acid solution or extracted with carbon tetra- 
chloride but with yields very small compared with iodine 
under similar conditions. Dr. J. G. Hamilton has shown 
that element 85 is concentrated in the thyroid. 
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167. Thorium Fission Threshold. R. O. Haxsy,* W. E. 
SHoupp,* W. E. StePHens,* W. H. WELLS, Westinghouse 
Research Laboratories, AND M. GOLDHABER, University of 
Illinois.—Neutrons from the reaction Li’(p,n) were used 
to investigate the excitation function of thorium fission. 
By varying the energy of the protons from the Westing- 
house pressure electrostatic generator, the maximum energy 
of the neutrons from the thick lithium metal target was 
correspondingly varied. An ionization chamber with tho- 
rium metal on the electrode and a linear amplifier were used 
to detect the fissions. It was then found that fissions oc- 
curred for neutron energies greater than 1.1+0.1 Mev. 
This is an upper limit for the threshold, since it is uncertain 
how to extrapolate the excitation curve. 

* Westinghouse Research Fellow. 


168. Radioactive Isotopes of Rubidium. J. O. HANcocK 
AND J. C. BuTLER, Purdue University.—Bombardment of 
sodium bromide with a-particles produces two radioactive 
isotopes of rubidium with half-lives of 20 minutes and 6} 
hours. To check these periods, krypton gas was bombarded 
with deuterons in a chamber separated from the cyclotron 
by a thin window. After bombardment the gas was dis- 
placed from the bombarding chamber over water or ethyl 
alcohol from which the rubidium was separated chemi- 
cally. The decay curve shows periods of 6} hours, 200 hours 
and 42 minutes. The 6}-hour period is thus believed to be 
due to Rb®™ formed from Kr(d,z)Rb®™ and Br(a,n)Rb*. 
The 20-minute a-period is consequently assigned to Rb®. 
The other periods obtained from the krypton cannot be 
assigned without further data. It was expected that Rb* 
could be formed by the bombardment of Rb with fast 
neutrons, but the exposure of 1 gram of RbCl to Li+D 
neutrons and subsequent chemical separation of Rb gave 
no appreciable activity. 


169. Nuclear Excitation of Indium by Electrons. GEoRGE 
B. COLLINS AND BERNARD WALDMAN, University of Notre 
Dame.—The disintegration of beryllium! by electrons leads 
to the conclusion that it should also be possible to excite 
with electrons the metastable states of nuclei. In™* which 
has a metastable state* with a convenient period was 
selected. Accordingly, foils of indium were bombarded with 
1.3-Mev electrons and the activities on the front and back 
sides measured with a G-M counter. The thickness of the 
foils (0.04 cm) was sufficient to prevent the electrons from 
producing activity on the back side. Back side activity was 
thus due only to x-rays produced in the indium, and front 
side activity is attributed to the combined effects of x-rays 
and electrons. The ratio of front side activity to back side 
activity was observed to be 2.3, and the ratio of electron 
excitation to x-ray excitation is thus 1.3. Other possible 
explanations for the above ratio are: (1) Absorption of the 
x-rays by the indium. This absorption was found by ex- 
periment to be negligible. (2) A more favorable geometry 
of the front side for x-ray excitation. This latter possi- 
bility was eliminated by following a suggestion of Professor 
Goldhaber which was to irradiate alloys of In-Pb and In-Al. 
The ratio of front side to back side activity for the lead 
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alloy was less than that of pure indium, while this ratio for 
the aluminum alloy was greater, as would be expected 
only if electron excitation existed. A reasonable assumption 
concerning the efficiency of detection leads to a crogs 
section for the process of between 10-* and 10-** cm!, 


1 Collins, Waldman and Guth, Phys. Rev. 56, 876 (1939). 
2 Goldhaber, Hill and Szilard, Phys. Rev. 55, 47 (1939); Waldman 
Collins, Stubblefield and Goldhaber, Phys. Rev. 55, 1129 (1939). ’ 


170. Effect of Exchange on Free Electron Diamagnetism, 
FREDERICK SEITZ AND J. B. SAMPSON, University of Penn. 
sylvania.—In the Peierls-Wilson theory of free electron 
diamagnetism, which is based on a one-electron approxima- 
tion, the diamagnetic contribution to the susceptibility js 
related to the Gaussian curvature of the energy versus 
wave number function at the top of the filled region of 
levels. Bardeen first pointed out that the exchange energy 
causes a temperature-dependent anomaly in the distriby- 
tion of levels in this region and that the slope of the energy 
versus wave number curve becomes infinite as —log T at 
low temperatures, The effect of exchange on the Gaussian 
curvature has been investigated in the present work. The 
evaluation of the curvature necessitates solving the integral 
equation determining the energy to a higher approximation 
than Bardeen required in determining the electronic heat, 
It is found that the Gaussian curvature is almost exactly 
zero at room temperature for electron densities correspond- 
ing to the alkali metals, so that the free-electron diamag- 
netism is practically zero in the one-electron approxima- 
tion. The effective mass turns out to be negative and equal 
to about —0.4m, in disagreement with the negative Hall 
coefficient of the alkali metals. This discrepancy presum- 
ably reflects the compensating influence of correlations, 


171. Physical Representation of the Geomagnetic Field. 
A. G. McNisn, Department of Terrestrial Magnetism, 
Carnegie Institution of Washington. (Introduced by John A 
Fleming.) —The general magnetic field of the earth may be 
represented to within the reliability of the observations 
by a dipole near the center (moment. 8 X 10** c.g.s. units), 
giving rise to about 80 percent of the field, and 14 secondary 
radially directed dipoles (average moment 0.1 X 10** c.g.s, 
units) located at specified positions midway between the 
surface of the earth and its center, giving rise to the re- 
mainder or residual field. Secular change can be represented 
by the yearly addition of 13 dipoles of equal strength 
(moment 1.410” c.g.s. units) at the same depth as the 
dipoles of the residual field. Continuance of secular change 
at the present rate for one hundred years would thus build 
up a new residual field. Interpretation of this model leads 
to the beliefs that (1) at least a considerable portion of 
the earth’s magnetism (the residual field) originates at a 
lesser depth than the central core revealed by seismological 
evidence, and (2) secular change involves this residual field 
and therefore is due to changes taking place between the 
surface of the earth and the surface of the central core. 


172. A Dilemma in the Magnetic Properties of Gd:- 
(SO,);*8H:O. W. D. Lewis, Harvard University. (Intro- 
duced by J. H. Van Vleck.) —Krishnan, Mookherji and Bose! 
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have measured the magnetic anisotropy of Gd2(SO,)3-8H20. 
They find a value unexpectedly large (~1 percent at room 


temperature) for an ion in an S state, and suggest that : 


much of the observed anisotropy must be due to the dipole- 
dipole interaction of the paramagnetic Gd*** ions. The 
anisotropy due to this source is computed by standard 
methods? and use of Zachariasen’s x-ray measurements of 
the lattice parameters of the crystal.? An upper limit to 
this contribution is set and deducted from the observed 
anisotropy. Under the natural assumption that the remain- 
ing anisotropy is due to the crystalline field a lower bound 
js set to the part of the specific heat due to the crystalline 
Stark effect. Unfortunately Clark and Keesom‘ and de 
Haas and du Pré® have independently measured this 
quantity and find a much smaller value. Thus a dilemma 
exists. The most reasonable escape seems to be to attribute 
part of the observed anisotropy to contributions from 
paramagnetic impurities not in S states. 
4 ig Trans. Roy. Soc. 238, 125 (1939). 
H. Van Vleck, J. Chem. Phys. 5, 320 (1937), Sec. 4. 
¢ 4 Phys. 3, 197(L) (1935). 


‘ Physica 2, 1075 (1935). 
6 Physica 6, 705 (1939). 


173. The Approach to Magnetic Saturation of Nickel 
under Torsional Strain. ALBERT R. KAUFMANN, Massachu- 
setts Institute of Technology. (Introduced by Francis Bitter.) 
—The magnetization of nickel may be accurately repre- 
sented by the equation 


I=I,—(a/H)—(b/H*)+CH 


in the range of field from 600 to 6000 oersted. According to 
theory the constant } should depend on the crystal orienta- 
tion of the specimen and on the internal strain while C is 
an ordinary susceptibility term. The significance of the 
constant a is not understood as yet. In the present experi- 
ments the values of the above constants have been deter- 
mined as a function of torsional strain. Preliminary results 
indicate that 5 varies as the square of the elastic strain as 
predicted by theory, while a is largely dependent upon the 
amount of plastic deformation the specimen has received. 
The value of C is not greatly influenced by elastic or plastic 
distortion. 


174. Effect of Heat Treatment on Ferromagnetic Im- 
purities. F. W. Constant, H. E. LENANDER AND R. E. 
Fatres, Duke University. —The effect of heat treatment on 
the ferromagnetic impurities found in commercial samples 
of copper, brass and silver has been studied. Hysteresis 
loops were determined by the sensitive torsion pendulum 
method before and after the specimens had been annealed. 
The annealing consisted of heating the specimen in a 
hydrogen atmosphere for several hours. The results found 
for copper and brass are in complete accordance with those 
found by Bitter and by C. T. Smith and confirm the belief 
that annealing leaves an iron impurity in a metastable, non- 
magnetic, face-centered cubic state. The minimum anneal- 
ing temperature necessary to produce this nonmagnetic 
state has also been investigated, as well as the effect of 
aging. 
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175. The Magnetic Properties of the Anhydrous Chlo- 
rides of the Iron Group at Low Temperatures. C. Starr, 
F. BitTeER AND A. KAUFMANN, Massachusetts Institute of 
Technology.—F urther measurements of the magnetization 
curves of the anhydrous chlorides of the iron group have 
been made at the temperatures of boiling and melting 
hydrogen. The s-type magnetization curves previously 
reported for ferrous chloride have been found to be charac- 
teristic of cobaltous chloride and nickel chloride, although 
the effect is not as large as for the ferrous salt. This 
magnetization curve is characterized by a very small 
initial susceptibility which decreases with decreasing 
temperature, followed by a very large susceptibility and 
eventual approach to magnetic saturation, both increasing 
with decreasing temperature. Manganous chloride does 
not exhibit these properties although its crystal structure 
is very similar to that of the other anhydrous dichlorides. 
Chromic chloride has a very large initial susceptibility, 
increasing with decreasing temperature. Ferric chloride 
does not have a similar behavior although the trichlorides 
have similar crystal structures. No true hysteresis has been 
found within the experimental error (less than 1 percent), 
although a small effect due to a packing phenomenon of 
the salt crystals does exist. 


176. Absolute Measurement of Magnetic Susceptibility 
of Water in Weak Fields. Nort C. Jamison, Northwestern 
University —G. Temple! suggested a modification of the 
Rankine magnetic balance which would permit the com- 
putation of absolute values of susceptibilities. Preliminary 
work which consisted of measuring the relative susceptibili- 
ties of benzene, carbon tetrachloride and toluene showed 
that, considering the magnitudes of the forces involved, 
considerable precision might be attained.? The force exerted 
by the specimen on the magnet was balanced by af orce 
resulting from the action of the magnetic field produced by 
a current in a coil. The susceptibility of the specimen may 
be computed if the distribution of magnetization in the 
magnet is known. This distribution was approximated by 
assuming a number of fictitious poles to exist along the 
axis of the magnet. The relative strength of the poles was 
computed from observations of the normal component of 
the magnetic field due to the magnet; the absolute values of 
pole strength were then found by magnetometer measure- 
ments. Preliminary computations yield a value of suscepti- 
bility of water a few percent below that which has been 
obtained at high fields. Refinements in experimental 
technique and computations may well bring the two values 
into agreement. 


_ Lg = Proc. re. Soc. 48, 393 (1936). 
W. Meeks and N. C. Jamison, Phys. Rev. 57, 71(A) (1940). 


177. The Photoconductivity of NaCl in the Far Ultra- 
violet. J. N. FERGusON, Cornell University. (Introduced by 
Lloyd P. Smith.)\—The photoconductivity of clear sodium 
chloride crystals has been measured over the wave-length 
region 2400A to 1500A. The measurements were made 
with the crystals in a vacuum monochromator. Absorption 
measurements could be made at the same time by means 
of a special photo-cell located behind the crystal. For the 
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crystals investigated thus far photoconductivity was 
present over most of the above wave-length region. 


178. Photoconductivity in Zinc Silicates. A. G. HILL 
AND L. R. Aronin, Massachusetts Institute of Technology.— 
The following silicates have been tested for photocon- 
ductivity: ZnzSiO, (both pure and with Mn activator), 
pure ZnSiO; and ZnBeSiO, with Mn activator. These 
samples were prepared from finely powdered chemicals by 
fusion on platinum strips. The Zn:SiO4:Mn phosphors 
show a spectral response in the range 2400A to 4350A 
similar to that observed by Hofstadter and Herman,' with 
a maximum around 2700A. For applied fields up to about 
2000 volts/cm the response for the unpolarized sample at 
a given wave-length is strictly proportional to the field. 
The phosphor ZnBeSiO,:Mn showed no photoconductivity 
to within one or two percent of that for Zn2SiO4:Mn in 
the range 2537A to 4350A, while the very weakly phos- 
phorescent Zn2SiO, and ZnSiO; show photoconductivity 
of the same order as Zn2SiO,:Mn, which raises the question 
as to whether the conductivity is impurity dependent. 
It may be that the method of preparation introduces 
impurities in the samples, which point is being further 
investigated. These last three silicates show a strong 
tendency to polarize in the presence of the applied field. 

1 Phys. Rev. 54, 864 (1938) and Phys. Rev. 56, 212 (1939). 


179. External Photoelectric Effect in Semi-Conductors, 
R. J. CAsHMAN, Northwestern University.—Photoelectric 
yields for wave-lengths near the threshold have been ob- 
tained for CuO in vacuum. The data are not in agreement 
with Fowler’s theory which holds for metals. Similar tests 
on the data of Fleischmann! for several semi-conductors 
including Cuz;0 show. the same discrepancy. A simple 
analysis shows that the photoelectrons probably do not 
come from the first incompletely filled band of allowed 
energy states but from the first filled one where the Fermi 
distribution holds. These electrons should behave like those 
in a metal at absolute zero. The theoretical photocurrent 
takes the form J=B(v—vo)*. Plots of I* vs. » proved to be 
linear for all the data tested except for a very small “tail” 
near the threshold (Fleischmann’s data range from 2500 
to 1850A). The “‘tail’’ is believed to be due to electrons 
coming from impurity levels very near the filled band. 
Extrapolation of the lines to zero current gives hyo, the 
position of the top of the filled band. For Cu,0, hvp=5.34 
ev; for Ag2S, hvo=5.22 ev. The thermodynamic potential 
for Cu,O is then about 4.34 ev.? 


1 Fleischmann, Ann. d. Physik 5, 73 (1930). 
2 Condon, Phys. Rev. 54, 1089 (1938). 
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